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 Traditional materials science looks to uncover the relationship between 
processing, microstructure, and properties.  Frequently, processing is tailored to achieve a 
desired microstructure that will yield specific properties. Recently, the ability to model, 
make and characterize materials at the micron length scale has allowed for the design and 
fabrication of materials with specific architectures and tailorable properties. This thesis 
examines the validity of controlling the exact microarchitecture of a material in order to 
dramatically change and decouple the material properties. 
 In this project, metallic microlattice materials were made by weaving metallic 
wires with a non-crimp 3D weaving process.  The architectures of these materials were 
specified by a constrained topology optimization to maximize the permeability and shear 
stiffness.  After weaving, the material structure was preferentially bonded (through 
brazing, soldering, vapor phase processing, and transient liquid phase bonding) in order 
to increase the mechanical properties of these materials, and to expand the available 
architectures and geometries.   
 The microscale internal architecture of these materials was characterized by 
traditional metallographic techniques and 3D reconstruction of x-ray tomography and 
serial sectioning.  The shear stiffness and permeability were measured in order to 
evaluate the validity of the architectural optimization and to evaluate the quality of 
bonding. Two specific areas where I took the lead, brazing and damping, received the 
greatest effort and make up the make up the majority of this dissertation.  This thesis 
iii 
 
shows how brazing can be used to selectively bond wire junctions and turn a 3D weave 
into a lattice material.  The damping properties of unbonded metallic lattices were 
measured using a DMA at both room temperature and after exposures to temperatures as 
high as 1200°C, and they have been shown to possess high damping properties.  The 
decrease in the damping with temperature was examined by sectioning the material and 
measuring the changes in residual stress within the individual wires with temperature 
exposure.  The thermal transport properties of these materials were also.  FE modeling 
was also performed and compared with experimental results in order to evaluate the 
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Chapter 1: Introduction 
  
In civil engineering, the application of efficient structural design has yielded 
significant improvements and greater efficiency.  Compare the ancient pyramids in Egypt 
to the Eiffel Tower in Paris. The pyramids reach only half the height of the Eiffel Tower, 
yet they have a weight that is 600 times greater.  This substantial improvement in height 
with a drastic reduction in mass was made possible through the development and use of 
efficient iron lattice structures. 
In the field of materials science, traditional materials such as iron and steel are 
considered inexpensive, whereas the traditional shaping and processing of materials 
(machining, forging, etc.) are costly.  Recently, however, there has been a major shift.  
Making materials in complex shapes has become increasingly less expensive through the 
use of advanced manufacturing techniques such as 3D printing [1].  As a result, there has 
been greater interest in the shape of materials and components because intricate designs 
are not only possible but are increasingly less expensive to produce.  This design freedom 
has been augmented further by a rise in computational modeling, which gives designers 
greater freedom to properly analyze these complicated designs. 
Inspired by the proliferation of advanced manufacturing techniques, a new 
direction in material science is emerging: developing different processing techniques to 
control the internal architecture of a material in addition to its microstructure.  
Traditionally, material science has focused on uncovering the relationship among 
processing, microstructure, and properties so that more efficient and reliable materials 
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can be realized through the variation of processing, which improves the microstructures 
and resulting properties.  By controlling the microarchitecture, materials with even more 
efficient designs with greater specific properties (such as impact resistance [2–4]) and in 
some cases unique combinations of  multifunctional properties [5] (such as low CTE and 
high stiffness [6], stiffness and permeability [7], and density, strength, and thermal 
transport [8]) can be developed.  This shift in focus to looking at the interplay of 
processing, properties, and microarchitecture (as opposed to microstructure) might open 
the door to new demanding applications that have not been possible with traditional 
materials.   
This traditional material science approach searched for methodology to control 
the average microstructure of metallic materials through the use of chemistry, processing, 
and heat treatments in order to control grain size, precipitate size and spacing, and other 
microstructural features.  Microstructure frequently is used to increase the strength of 
materials by providing barriers to the movement of dislocations within a material.   
Strengthening of metallic materials as a result of average grain size control is 
frequently thought of in terms of the famous Hall-Petch relations [9,10].  This 
relationship states that the yield strength of a material increases as the average grain size 
decreases with the form, 
 
𝜎𝑦 = 𝜎𝑜 + 𝑘𝑑
−1




where, y is the yield stress of a polycrystalline material, o is the yield stress of a single 
crystal oriented for multiple slip, k is a constant that is material specific, and d is the 
average grain size.  This equation highlights that materials with small average grain sizes 
have a higher yield stress than larger grain materials. 
Precipitates also are commonly controlled to increase the strength of a material.  
The role of precipitates in materials, specifically the spacing between multiple 
precipitates, is captured in the Orowan bowing relationship.  This relationship examines 
the stress required to bow a dislocation past a pair of precipitate particles within a grain 







where, o is the shear stress required to bow the dislocation between the precipitates, G is 
the shear modulus of the matrix, b is the magnitude of the burgers vector, and  is the 
spacing between the precipitate particles.  To increase the strength of a material, it is best 
to have many closely spaced precipitates, which will prevent the movement of 
dislocations. 
Grain size and precipitate strengthening operate to increase the strength of 
materials by modifying the motion of dislocations in a material.  Precipitates and grain 
boundaries act as barriers to dislocation motion, so increasing the amount of grain 
boundary area or decreasing the spacing of precipitates can serve to disrupt the 
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movements of dislocations and increase the strength of a material.  The movement of 
dislocations facilitates plasticity, so limiting the motion of dislocations can increase the 
yield strength in a material.   
 Classic processing techniques are, however, limited by the manufacturer’s lack of 
control in defining the exact size and location of these features.  It is possible to control 
the average size and distribution of features (grain size, precipitate size, number of 
precipitates, etc.) in a material but not their exact location.  If the microscale architecture 
of the material (the exact placement of matter in a material) could be controlled instead of 
just the average size, shape, and distribution of microstructural features, could the 
properties of the material be improved, in the same way that civil engineering was greatly 
improved through the use of more efficient truss designs?  The purpose of this work is to 
examine if improved or new properties are possible through the control of microscale 
architecture within a material. 
 This is not the full story, however, because a final product is a combination of 
both materials and shape.  With the advent of better and cheaper manufacturing and 
shaping processes, shape is more easily and inexpensively controlled.  Precise control of 
shape has allowed for the development of new materials in which the material itself has a 
microscale architecture that can be tuned to provide these materials with properties that 
are tailored for a specific purpose.  In fact the internal “shape” of these materials might 
even be optimized rigorously for particular properties.  The desired architecture will be 
determined by the properties that are desired, and the desired shape will in turn control 
the process and the obtainable property space that can be manufactured by that process.  
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This new materials science paradigm now includes the architecture of the material with 
the microstructure, and it is shown in Figure 1. [12] 
 
Figure 1: The “new” materials science paradigm.  This figure highlights the interplay among 
microstructure and architecture, processing, and the material’s properties.  The traditional paradigm’s 
design refers to the average microstructure of a material, but the new paradigm presented here suggests 
that the design of the architecture of the material is also important. 
 
This paradigm traditionally examines the interplay among processing methods, 
material properties, and the average microstructure.  The shift from focusing on only 
controlling the average microstructure of a material to controlling the exact architecture 
of a material as well has led to a change in the traditional paradigm.  These new 
approaches have the potential to increase the available design space through the use of 
materials that are specifically tuned to a particular application.    Furthermore, through 
the use of architectural design, material properties that are coupled in traditional 
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materials, such as stiffness and permeability, might be able to be decoupled and varied 
independently of each other [7,8].   
This thesis addresses the possibility of combining 3D weaving of metallic wires 
(in designs that are informed through topology optimization) with post-weaving alloying 
and bonding techniques in order to develop a new class of multifunctional materials with 
a controlled microarchitecture.  The 3D weaving process allows for  easy scalability of 
the production process so that the technology can proceed from the lab to the real world.  
Additionally, this work not only confirms the ability of the process to manufacture 
microlattice materials, but it also presents some of the unique multifunctional properties 




Chapter 2: Background 
 
 The 3D woven metallic microlattice materials that are the focus of this work are 
part of a larger category of metallic cellular materials.  These materials are a field of 
material science that has received a substantial amount of attention over the past two 
decades [5,13–18], although the field has been in existence since the middle of the last 
century with the commercialization of metallic foams [19,20].  Metallic cellular materials 
are subdivided further into two major sub-categories: stochastic cellular materials and 
periodic cellular materials.  Stochastic materials, such as metallic foams, have a random 
distribution of pores and ligaments within their architecture with no long range order, 
whereas periodic cellular materials have well-defined unit cell architectures with long 
range order [21]. 
 
2.1: Stochastic Cellular Materials - Metallic Foams 
 
 Metallic foams, which represent the major type of  stochastic cellular metallic 
materials, possess unique properties (such as high specific strength and stiffness, high 
specific energy absorption, and high thermal transport [19,20]) that are a result of its 
microarchitecture.  Within the category of metallic foams, there are two further 
subdivisions of open cell and closed cell foams, the latter of which is analogous to 
polymeric foams.  Open cell foams have interconnected pores throughout the bulk of the 
material, whereas closed cell foams do not possess an interconnected pore structure.  
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Limits to the density and average pore size of the foams are controlled by the process that 
is used to manufacture them, and the density of these materials tends to be quite low 
(usually with relative densities under 20% for open cell foams).  Foams are made through 
a variety of processes (as many as nine, although fewer  have been commercialized) 
[19,20], and each has its own candidate materials, benefits, and limitations.  The most 
common processes are: 1.) releasing or forming a gas in a liquid metal; 2.) compacting a 
metal powder with a secondary material, which can be removed after sintering; 3.) 
electro- or vapor phase deposition of metal onto a polymer foam substrate; 4.) creation of 
a foam substrate from a polymer host, which is filled with metal before removal of the 
host structure; and 5.) sintering of hollow spheres.  Usually, the process chosen is the one 
that best balances the chemistry, cost, purity, and properties of the chosen foam. 
 The properties of metallic foams frequently are reported in terms of their relative 
density.  Relationships for properties have been derived empirically in terms of the 
relative density of the material [19,20,22,23].  The properties usually are dependent on 
not only the relative density but also on whether the foam is open or closed cell.  For 




= 𝛼1𝜌 (3) 
 
where, E is the modulus of the foam, Es is the modulus of the material from which the 
foam is made, 1 is a scaling factor that depends on the geometry of the cells in the foam 
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and is usually a value of ~0.3-0.4, and  is the relative density of the foam.  In contrast, 







where 2 is also a scaling factor that describes the geometry of the foams, but it is usually 
equal to 1.  Metallic foams tend to exhibit a lower stiffness than periodic cellular 
structures; however, foams possess more isotropic properties, they have the ability to 
easily accommodate complex shape requirements, and they have a relatively low cost, 
which makes them attractive candidates for certain applications.  The isotropic properties 
also make metallic foams attractive candidates for impact protection. Although 
honeycomb materials are highly anisotropic and can be highly efficient energy absorbers 
when the direction of impact is well defined [24,25], foams are much more attractive 
when the direction of impact may vary [19].  Additionally, open cell foams have been 
highlighted as possible candidates for use in high performance compact heat exchangers 
[19,20,26,27].  The high surface area to volume ratio, combined with the relatively high 
thermal conductivity of the open cell foams gives them unique and advantageous 
convective thermal properties [20].  The limiting factor of foams for thermal devices is 
the stochastic nature of the pores, which leads to greater pumping losses than are found in 
periodic structures of the same scale [28].  The unique combination of properties of 




 Modeling of metallic foams, where the ligaments in the foam are treated as a 
series of beams that are connected by a series of fixed joints, has given us a greater 
understanding of their properties and how they are related to the underlying pore 
structure, [15].  Two main configurations are considered.  The first is a diamond shape, 




Figure 2: Diamond-shaped truss structures that are joined with fixed connections as a simplified model for 
the cell structure of metallic foams.  The truss on the left does not possess the additional bracing of the 
truss on the right, and therefore applied loads at a pair of opposite nodes will cause the truss to “bend” as 
opposed to the braced truss, which will exhibit higher strength due to the “stretching” mechanism of the 
extra link. 
 
A substantial enhancement in the mechanical properties can be realized in the second 
case because of the way the load is transferred through the structure. The unbraced 
structure exhibits lower strength because the fixed joints induce bending in the struts as a 
load is applied.  In this case, the struts in the structure deform by “bending.”  In the 
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second truss structure, the additional brace prevents the bending of the members around 
the fixed joints, therefore, for deformation to occur, the bracing member must either be 
pulled or compressed (depending on the nature of the applied load), which results in 
superior strength and stiffness [15].  The deformation mode in the braced structure is 
“stretch” dominated.  These models [15] originally were developed to explain the 
differences in the observed properties of metallic foams; however, metallic foams do not 
possess structures with the regularity that is found in the theoretical trusses.  In fact, the 
properties and architecture of foam are stochastic in nature. This is merely an 
approximation of the average effective structure of the foams and not the true architecture 
of the foam.  In reality, this model shows an upper limit on the obtainable properties of 
foams, if they were regular structures.  It implies that a way to enhance the properties of 
materials would be to manufacture a material with the microscale feature size of metallic 
foams (due to the benefits discussed above and elsewhere in the literature) with regular 
“stretch”-dominated, unit cell architectures. 
 
2.2: Periodic Cellular Materials 
 
2.2.1: Honeycomb and Corrugated Materials 
 
Periodic cellular materials (PCM) possess a well-defined architecture that allows 
them to serve as lightweight, multifunctional materials [5].  There are two distinct 
categories of PCMs: 1.) honeycomb and corrugated core structures, which possess a 2.5D 
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architecture (a 2-D planar geometry that is extruded into a 3
rd
 dimension) and 2.) lattice 
materials that possess a more complex 3D architecture.  Honeycomb structures are 
aligned in a manner such that the openings in the structure are perpendicular to the face 
sheets to which they are bonded, and they can have a variety of geometries, such as 
triangular, square, and hexagonal unit cells.  Corrugated structures are oriented with their 
large openings parallel to the face sheets.  This orientation allows the structures to be 
permeable in one direction as opposed to honeycombs, which are not permeable. The 
corrugated structures and honeycombs can be fabricated through bending, rolling, or 
slotted sheet metal processes, which all require subsequent joining of the material.  In a 
manner that is analogous to closed cell metallic foams, the elastic modulus of PCMs 
scales linearly with the relative density of the material.  The design and constrained use 
of these materials give them unique properties that are in most cases superior to metallic 
foams [5,21].  Specifically, they might have higher stiffness and strength then foams 
while also exhibiting other multifunctional properties.  Honeycombs have been shown to 
excel as thermal barriers, whereas corrugated structures, because of their high 
permeability, can be used as high strength heat exchangers [29].  Researchers also have 
highlighted both for applications in which thermal shock and impact protection are 
required [24,25]. 
 
2.2.2: Lattice Structures 
 
Although the properties of honeycomb and corrugated structures are interesting 
and novel, a greater array of properties can be realized through the use of more complex 
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lattice structure geometries [2,5,21,25,30].  Traditionally, these materials were formed 
through labor-intensive processing.  This processing included techniques such as sheet 
metal punching/forming, hand laying in premade alignment jigs, and casting.  Usually, a 
final bonding step is required to join the ligaments together to form a lattice.  The most 
common geometries are pyramidal, tetrahedral, and kagome architectures.  The kagome 
architectures also can  be manufactured through a twisted wire insertion process that is 
semi-automated but is still labor intensive [18,31–35].  As a result of their more intricate 
geometry, the properties of these materials are also often more complex.  In most cases, 
these structures possess more efficient geometries, for instance equal or greater strength 
for the same relative density.  Additionally, properties such as heat transfer, blast 
protection, and penetration protection can be tuned more appropriately for a particular 
application with the greater design space that is available with these types of materials.  
Many of these real lattice structures unfortunately exhibit lower than predicted properties 
because their failure is often mediated by defects, particularly at the nodes [5,18,30–32]. 
The previous work on periodic structures indicates the potential benefits of using 
lattice geometries for designing multifunctional materials, but several barriers must be 
overcome to make periodic structures more viable.  Manufacturing defects must be 
diminished.  The manufacturing process must be made less labor intensive (through 
automation or selection of a different process) to allow for it to be scaled to larger, 
commercial quantities of material.  To fully take advantage of the benefits of these lattice 
structures, the feature size of these materials must be made smaller (particularly for heat 
transfer applications in which the surface area to volume ratio is important).  Finally, 
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small repeatable features sizes are necessary to turn these macro structures into 
architected materials that can be used and integrated into other systems. 
It is worth noting that small-scale lattice materials have been fabricated by HRL 
using a novel rapid polymerization technique [17].  In this process, an array of UV lasers 
polymerize a solution of monomers to form a truss material with a well-defined 
geometry.  This truss then is plated with nickel (through an electroless plating process), 
and then the plastic is chemically etched away to make a hollow microarchitectured truss 
system [17]. These materials have a range of obtainable geometries, which is limited by 
the current range of the incident light beam angles that induce polymerization.  The 
material also is limited mechanically by localization of deformation at the nodes of struts 
[36].  The structures, however, exhibit extremely low density and promising mechanical 
and damping properties [37].  Additionally, the heat transfer of these structures for 
extended surface, cross flow, and heat pipe applications has been shown to be promising 
[8,38,39].  Overall, these metallic microlattice materials show that one can develop new 
and unique materials by combining the architectures of lattice structures with the feature 
size of foams. 
 Further expansion of the available design space for microlattice materials requires 
consideration of the limitations of the processing method used to make the material.  The 
next generation of lattice materials must use a processing method that provides the ability 
to make small-scale features in regular unit cell architectures, and it should be scalable to 
manufacture large amounts of material quickly.  Additive manufacturing techniques 
provide great flexibility, but the fabrication of large quantities of high strength metallic 
materials is often an indirect process in which a wax mold is 3D printed and the resulting 
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parts are formed through a traditional investment casting procedures [40].  Direct 
manufacturing of 3D metallic parts is still in its infancy although recently there have been 
some promising advances [41].   
 
2.2.3: 3D Woven Metallic Microlattice Materials 
 
In this thesis, the non-crimp 3D weaving with a patented process known as 
3WEAVE
®
 was used to manufacture metallic lattice material [42–44].  The process is 
capable of weaving wires and filaments in a wide variety of patterns.  This and other 3D 
weaving processes initially were developed to provide interlaminar strength without the 
added processing steps and losses in the mechanical strength that are frequently 
associated with through thickness stitching of composite materials [45–47].  In 3D 
weaving, the interlaminar strength is generated by through-thickness z-wires that are 
woven as part of the design of the fabric.  The 3WEAVE
®
 process used in this work uses 
every third warp wire, which is pulled through the thickness of the weave on alternating 
cycles to create the through-thickness z-wires. This process decreases the number of 
aligned in-plane fibers, which might lead to lower overall strength in plane, but the 3D 
woven material exhibits increased interlaminar strength and superior isotropic properties 
when compared to stitched composites. The process is also highly scalable, and it has the 
potential to quickly and easily change the wire/filament material, internal architecture, 
and overall shape.  
The 3D weaving process is capable of making a large number of geometries and 
architectures in an assortment of materials that can be easily changed, so there is a wide 
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design space in which to select an internal architecture.  More complex designs are made 
possible through the use of non-uniform architectures, graded, composite (multiple types 
of wires), and fugitive wire-based designs (in which wires are removed after the fabric is 
woven).  To determine the optimal weaving geometry, our collaborative effort used a 
unique type of topological optimization that accounts for the limitations of the weaving 
process [7,48,49]. 
Topological optimization defines the optimal shape or architecture of a material 
or structure for a well-defined set of boundary conditions and optimization parameters.  
The various geometries that are derived computationally then are examined and 
compared to define the available property space.  The limit of the maximum obtainable 
property space is known as the Pareto front.  The optimization also is capable of 
providing the geometries associated with the edge of the design space.  Unfortunately, the 
solutions for topology optimization often result in structures that are difficult or 
prohibitively expensive to manufacture.  Advanced topology optimization methods 
incorporate the manufacturing constraints through explicit constraints or implicit methods 
such as projection methods [7,8,48,49].  In short, the method penalizes a solution that 
falls outside the range of architectures that can be manufactured with a particular process.  
In this project, the 3D woven metallic lattices were successfully topologically optimized 
for stiffness and permeability, and the results can be found in the literature [50,51]. 
In this project, the established 3WEAVE
®
 process was used to generate porous 
microarchitectured materials.  The weaving process is not what makes this research 
novel; it is the way we use the process that is novel.  First, we used metallic wires instead 
of traditional carbon, glass, or ceramic fibers.  Second, the designs of the weaving 
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patterns were informed with topology optimization that accounted for the limitations of 
the manufacturing process.  Third, the woven material then was combined with a series of 
post-processing options to bond the structures and to modify their composition and 
microstructure.  Finally, the properties of these materials were characterized and shown 
to have interesting multifunctionality. The details of the textile manufacturing, post-





Chapter 3: Manufacturing by Weaving and Bonding of Lattice 
Materials 
 
 The 3D woven metallic microlattice materials that are the subject of this thesis 
allow the architecture to be optimized in order to tailor the properties of the material for 
multifunctional applications.  The 3D weaving process that was used in this work is 
unique in that it couples 3D weaving of metallic wires with architectures that are 
informed by topology optimization.  In order to more accurately optimize the material, it 
is important to bound the optimization problem with the limitations of the 3D weaving 
process, but also to take into account the manufacturing defects that are present (which 
are different than usual 3D woven materials as a result of the switch to metallic wires).  
Additionally, the experimental and modeling work highlighted the fact that in order to 
realize the mechanical properties that make the material competitive with currently 
existing materials, while simultaneously maintaining the unique permeability of this 
material, selective bonding of the nodes had to be performed.   
This chapter will explain the unique 3D weaving process that was used to 
generate the metallic 3D weaves and the post-weaving processes that were used to 
preferentially bond the nodes of the woven structures together.  Efforts to expand beyond 
the limitations of the current weaving process through fugitive wire and multilayer 
bonding techniques and to modify the chemistry and microstructure of the wire (through 




3.1: 3D Weaving, Design, and Analysis of Woven Product 
3.1.1: Design by Topology Optimization 
 
 Topology optimization, performed by Dr. James Guest and Dr. Seunghyun Ha, 
was employed to design two architectures within the confines of the weaving process.  
The in-plane (warp/fill plane) shear stiffness and permeability were the objective 
properties of the optimization problem.  The ‘standard’ pattern has all possible wire 
positions occupied with wires, while the optimized patterns has alternating pairs of warp 
and fill wires removed in order to open large flow channels within the weave without 
drastically compromising the shear stiffness of the material.  The optimized pattern still 
retained completely filled top and bottom fill layers in order to provide stability during 
the weaving process and to aid in maintaining a high shear stiffness.  The removal of 
selective warp and fill wires opens up large flow channels that are oriented 45° to the 
warp-fill plane.  These large channels are predicted to increase the in-plane permeability 
by 380% while decreasing the in-plane shear stiffness by only 30%.  The modeling 
predictions were confirmed through the manufacturing and testing of samples as 
described in Chapter 4 and in the literature [50,51].  An image of the two architectural 





Figure 3: Models of the standard and optimized structures with warp wires illustrated in blue, fill wires in 
green, and z-wires in red.  The standard pattern has wires filling all positions in the 11-layer weave.  The 
optimized pattern has warp and fill wire pairs removed from the middle layers of the weave  in order to 
open large channels in the weave that do not drastically reduce the shear stiffness (the top and bottom fill 
layers must have wires occupying all positions).   
 
 
3.1.2: Manufacturing of 3D Weaves 
 
Dr. Keith Sharp at SAERTEX fabricated 15 m of 3D woven material in both the 
optimized and standard patterns from oxygen free high conductivity (OFHC) copper wire 
(sourced from Arcor electronics (www.arcorelectronics.com)), and 3 m of Chromel-A (an 
80% Ni and 20% Cr alloy) (also from Arcor electronics) wire, all with a nominal 
diameter of 202 m (32 guage).  This constituted most of the material that was 
manufactured and studied in this work.  Other homogeneous optimized pattern weaves (2 
m long) were made with shape memory NiTi wire.   Additionally, non-homogeneous 
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optimized pattern weaves were made with 160 m OFHC copper wire occupying all of 
the z-wire positions and the usual 202 m OFHC copper wires in the warp and fill 
positions (4 m). A fugitive wire weave was also 3D woven where braze wires (Lucas-
Milhaupt 721-VTG alloy wires with a 255 m diameter) were inserted in all of the 
middle fill wire positions in the architecture.  An example of an optimized pattern OFHC 
copper weave with 202 m wires is shown Figure 4.  At the writing of this thesis, more 
weaves were currently being manufactured, so the stated values are lower estimates of the 
final production amounts at the conclusion of this project.  
All of the 3D woven materials employed in this thesis were made at from 
orthogonally stacked pairs of warp and fill wires.  These wires are held together with a 
single z-wire for every pair of warp wires (e.g. every third warp wire is pulled through 
the thickness of the weave in order to form a z-wire).  During the weaving process, a pair 
of fill wires are inserted between the warp layers in the weave.  After the fill wires are 
inserted, the 1
st
 reed pushes the fill wires back against the previous layer of z-wires (that 
originates from the middle of the creel and shed), which serves to bend the z-wires 
around the previous layer of fill wires.  At this point, the harnesses that hold the z-wires 
in individual rapiers switch positions from top to bottom and bottom to top.  At this point 
the fabric is then moved back in order to accommodate the increase in length and to keep 
the end of the fabric in the same position in relationship to the weaving machine.  An 




Figure 4:  An example of some of the optimized pattern copper weave that was produced by 3TEX.  The top 
image shows 1.2 kg of as-woven material totaling 4.25 m long.  The bottom image shows a cross section of 
the material exposing the warp/z plane.  Gaps and twisting of some fill wires can be seen in this cross-






Figure 5: The 3D weaving machine at SAERTEX that is used to making the non-crimp 3D woven metallic lattice materials shown in this work.  The already 
woven optimized pattern copper material (fabric) is shown on the left.  The fill is inserted from the spools of copper wire that are seen behind the weaving 
machine just to the left of the harness.  The creel (a portion of which is shown on the right side of the image) is where the rest of the wire for the weave is held 




The final woven product differed from the original modeled design in several 
ways.  The most obvious difference is in the fact that there are gaps between the wires in 
the weave in all three directions that were not initially specified in the topology optimized 
designs (shown in Figure 3).  Also, the wires in the real material were not perfectly 
straight and sometimes were observed to twist and bend.  Adjustments to the weaving 
process were successfully performed to control and minimize the twisting and additional 
spacing in the weaves, but the wire to wire gaps in the weave were never fully removed.  
In order to examine the spacing in the weave, a series of samples were sectioned from 
large strips of weaves by cutting with shears.  These samples were then mounted in 
Allied High Tech EpoxySet 2 part epoxy and allowed to cure for 24 hours.  An Allied 
High Tech Powercut 10 abrasive cut-off saw was then used to cut sections that exposed 
the warp/z and fill/z planes, and removed the areas damaged by cutting with shears. The 
samples were then polished by hand with wet abrasive papers progressively from 120 – 
1200 grit to flatten, remove damage from cutting with the high speed saw, and to polish 
the wires and epoxy for proper imaging.  Images were captured using a Zeiss upright 
optical microscope and a 5x objective with a 0.63x reducing objective on the imaging 
camera. The images were then analyzed using Image Pro Plus and measurements of the 
unintended gaps between the wires were calculated by measuring the distance between 
the polished wire ends in the weaves.  An example of the cross sectional images is shown 





Figure 6: Representative cross-section of the warp/z plane of a copper weave.  The sample was mounted in epoxy and polished to expose the weave for optical 




Figure 7: Representative cross-section of the fill/z plane of a copper weave.  The sample was mounted in epoxy and polished to expose the weave for optical 





Examination of the gap sizes in the different architecture weaves for the different 
combinations of wires (summarized in Table 1) revealed that the gap size was not 
uniform throughout the weaves and differed on average from architecture to architecture.  
Additionally, the fill/z gaps were on average larger than the warp/z gaps.  This is a likely 
the result of spring back (elastic recovery) of the z-wires after they are bent to form the z-
loops when the fill layer is pushed against them by the reed. In order to minimize this 
spacing, we manufactured and characterized some lattice structures with a smaller 
diameter z-wire (160 m instead of the usual 202 m).  This wire would exert a lower 
force on the fill during the elastic recovery (since the stress would decrease with the 
cross-sectional area of the wire), and would also require less force to bend into the same 
configuration.  The majority of this work, however, was performed with weaves 
compromised of 202m wires throughout the architecture.  The summary of the 
unintended wire gap measurements (which includes at least 100 individual measurements 
for each case) of the copper weaves is shown in Table 1. 
 









Cu (Small-Z) (m) 
Warp-Z 0  0 16 ± 17 10 ± 9  63 ± 15 
Warp-Warp 0  0 10 ± 9 21 ± 20 18 ± 16 
Fill-Z 0  0  61 ± 41 68 ± 14 32 ± 18 
Fill-Fill 0  0  21 ± 34 16 ± 26 40 ± 15 





Examination of the gap size measurements confirms the hypothesis that decreasing the 
diameter of the z-wire makes the z-wire easier to bend into the desired radius, since the 
fill/z gaps decreased by approximately half of the other two patterns which employed a 
uniform wire size.  We do note, that the warp/z and the warp/fill gaps of this pattern are 
on average noticeably larger than in previous samples.  This is attributed to the fact that 
the reed spacing (which sets the warp and z-wire positions) was not changed when this 
pattern was made, so spacing between the warp and z-wires was artificially large (since 
the reed was set to accommodate z-wires that were 202 m).  Additionally, as a result of 
the extra space in the weave, there was significant amounts of twisting in the fill wires.  
These twists can lead to artificially larger average gaps due to their inefficient packing of 
wires in the weave.  Changing the reed spacing to accommodate this change in wire 
diameter would likely eliminate the issues with twisting and decrease the wire spacing. 
Another difference between the modeled weaves and the actual woven material is 
that there is a non-uniform residual stress in the z-wires.  Elastic recovery (spring back) is 
inhibited when the z-wires are confined by the fill wires after being bent into a z-loop 
during weaving.  After careful examination of the z-wires (the details of which are 
discussed in section 5.2), it was found that there is a residual stress in the z-wires that is a 
result of an asymmetry in the weaving process.  The residual stress causes a noticeable 
curvature in the z-wires about the fill direction.  This curvature relaxes upon exposure to 
temperature, which is manifested as a temperature dependence in the damping properties 
of the weaves.  The details of the effect of the relaxation on the damping properties are 
discussed in Chapter 5, but the reasons for the asymmetry are best addressed here. 
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 In order to understand this asymmetry in the final woven product, we need to 
examine the geometry of the weaving process in detail.  The asymmetry in the final 
product, that is manifested as a curvature in the z-wires (when they are removed from the 
weave), is the result of asymmetric positioning of the z-wires during weaving.  The points 
where the wires change direction were measured with the help of Dr. Keith Sharp.  The 
plot of the positions of each wire as it converges to form the fabric are shown in Figure 8.  
The plot shows the measured wire positions that correspond to the image of the weaving 
machine in Figure 5.  From the plot of the wire positions one can see that z-wires 
originate from the middle of the creel (the peg board that supports the wire spools).  
Since we use an odd number of warp wires in our weave, we end up with a different 
number of warp wires above the center line of the weave, than below.  After the z-wires 
leave the shed, where they are located in the middle, they are separated into the top and 
bottom harness.  The harness is made up of a series of rapiers, which are small eyelets 
that supports the individual wires.  Every other z-wire goes into the rapiers in either the 
top or the bottom harness. In order for the harnesses to switch, they are not aligned 
horizontally.  We surmise that the combination of the odd number of warp wires (which 
puts more warp wires above the z as they go through the shed), and the fact that the top 
and bottom z-wires are not aligned (which is necessary in order for them to switch 
between top and bottom positions) leads to an asymmetry in the residual stresses that are 
present in the z-wire after weaving. Additionally, it was found that the positions of the 
rapiers which support the z-wires were not the same above and below the fabric; in fact, 
the position of the z-wire in the upper harness is located 2 cm higher above the centerline 
of the weave than z-wires in the lower harness.  A quantitative summary of the relative 
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vertical positions of the points where each wire changes direction in the weaving machine 
(corresponding to Figures 5 and 8) is shown in Table 2. 
The measurements of the wire pickup positions reveals that the vertical positions 
of the z-wires in the rapiers of the harnesses are not uniform.  These values can be seen in 
the measurements of the positions of ‘Z1’ and ‘Z2” in the harness.  The z-wires are 
pulled 2 cm higher above the weave than below the weave.  This changes the angle of the 
z-wire in relation to the weave.  The difference in harness position correlates to the ‘Z2’ 
wire positioned (the upper harness in this case) 32° above the weave and the ‘Z1’ wire 
(the lower harness in this case) 23° below the weave.  This 9° difference is one possible 
source of the difference in residual stress between the top and bottom of the z-wire which 
leads to the global curvature of the z-wire.  The curvature is also further explained by the 
fact that the z-wire harnesses are also horizontally offset from one another which will 





Figure 8: A plot of the positions of the fabric, 1
st
 reed, harness, shed, 2
nd
 reed, and where the copper wires leave the creel.  The height was measured in 
relationship to the floor and the horizontal position was calculated in relationship to the end of the completed weave.  Note that the position of the z-wires (Z1 
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Table 2: Summary of the positions of all of the wires in the weaving machine  
Distance Above Fabric (cm) 
Wire Fabric Harness Shed 2nd Reed Creel 
Warp 5 0.0 - 4.1 8.2 21.9 
Warp 4 0.0 - 2.9 7.6 15.6 
Warp 3 0.0 - 0.6 2.9 8.9 
Z 2 0.0 6.4 - 1.6 2.2 
Z 1 0.0 -4.4 - 0.0 -3.8 
Warp 2 0.0 - -0.6 -7.0 -16.5 
Warp 1 0.0 - -2.5 -7.0 -22.9 
 
 In summary, these measurements reveal that there are differences that are seen in 
the weaves from the ideally designed architectures.  One major difference is the 
unintended wire twists and gaps between wires.  The magnitudes of the gaps are 
relatively small and on average vary from 10 – 70 m, which is significantly smaller than 
the diameter of the smallest wires used in these weaves (160 m).  Additionally, it was 
found, and will be discussed in further detail in later chapters, that the z-wires store 
elastic energy when they are bent and held between columns of fill wires.  Examination 
of the process that is used to produce these materials reveals that the z-wires are neither 
horizontally aligned, which is necessary for the z-wires to switch positions, nor are they 
positioned symmetrically above and below the weave.  This, when combined an odd 
number of warp layers, is believed to generate an asymmetric curvature in the z-wires.  
The details and measurements of the curvature and its effects on the damping properties 
of the weave are the subject of Chapter 5. 
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Despite these unintended differences between the modeled architectures and the 
real materials, these differences are, on a whole, rather small and it does not detract from 
the fact that this 3D weaving technique can be used in order to make metallic materials 
with a well-defined microarchitecture.  That being said, these differences from the ideal 
designed architecture (primarily the small spacing between the wires) are especially 
important when attempting to selectively bond the woven materials, which directly 
affects the mechanical properties of the weaves.  The increased spacing between wires 
increases the difficulty of successfully bonding the wires together without filling in the 
larger channels in the weaves, which would negatively affect the permeability.  
Therefore, control of the spacing in the weave is important for selective bonding.  A 
discussion of how bonding of the weaves was performed is discussed in the next section 





 One of the primary considerations for multifunctional materials are their 
mechanical properties.  The in-plane (warp/fill plane) shear stiffness of this material was 
optimized assuming that all of the nodes between wires were fully bonded.  Without 
bonding, the in-plane shear stiffness of these materials is orders of magnitude lower than 
their bonded counterpart.  The shear stiffness of the as-woven materials is on the order of 
10 of MPa, while the brazed materials possess a shear stiffness of 2-6 GPa depending on 
34 
 
the architecture.  The specific details of the mechanical properties of the weaves will be 
discussed in the following chapters (Chapter 4 will discuss the quasi-static in-plane shear 
stiffness and Chapter 5 will discuss the dynamic mechanical properties).  The 
concentration of section 3.2 will be to discuss the various bonding processes that have 
been used in this work to improve the mechanical properties and to expand the possible 
geometries and applications of 3D woven metallic lattice materials through multilayer 
and fugitive wire bonding techniques. 
 
3.2.1: Brazing of Single Layers Weaves 
 
 
 In order to preferentially bond the woven materials together, brazing was selected 
as a result of initial successful soldering studies that were performed with these materials 
by Dr. Yong Zhang [51].  Solder, has limitations that were undesirable in the final 
microlattice material such as, low stiffness and strength, low service temperature, and 
higher density (which negatively affects the specific properties of a material).  As a result 
of these limitations, I elected to use a silver-copper eutectic braze in order to 
preferentially bond the material.  Braze and solder are by definition metals that melt at a 
lower temperature than the material being bonded, however, a braze has a melting 
temperature of at least 450°C [52], which allows for a much higher use temperature for 
the final product, and the strength of brazed materials are usually higher than that of 
solders.   
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In this work the selective bonding of the wire contacts was performed by brazing 
with a silver-copper eutectic alloy braze from Lucas-Milhaupt (alloy 721-VTG).  This 
alloy was chosen among a large number of available brazing alloys for a number of 
reasons.  First, this alloy has one of the highest melting temperatures (Tm = 780°C) that 
could be reasonably processed with the OFHC copper base metal (Tm = 1050°C).  
Second, this alloy has excellent wettability of clean (not oxidized) copper surfaces, and it 
alloys with the copper wire easily providing a solid bond between the wires.  Third, since 
the alloy used is a copper eutectic alloy, as brazing occurs and it alloys with the base 
metal, the melting temperature of the brazed junction increases. This allows the same 
alloy to be used for a secondary brazing processing without reflowing braze from the 
initial bonding step.  Fourth, the thermal conductivity of this alloy (371 W/mK) is almost 
as high as the copper wire (398 W/mK) that forms the woven materials.  Finally, the yield 
and tensile strength (272/372 MPa respectively) and elastic modulus (83 GPa) of the 
braze are relatively high compared to many solders [53].   
Surface oxidation must be removed from the surface of the wire in order to 
properly braze the materials together.  If the surface oxide is not removed, it is 
energetically unfavorable for the liquid braze to wet the surface of the oxidized wire and 
form a new interface.  Instead, if the oxide is not removed, it is energetically more 
favorable for braze to minimize its surface area and to form a spherical ball on the surface 
of the weave.  Two common methods to remove surface oxidation from OFHC Cu wire 
are through the use of a vacuum or reducing environment.  A vacuum environment could 
be used to reduce the Cu wire, but the Ag in the brazing alloy has a tendency to evaporate 
due to its high vapor pressure when exposed to high temperatures in a vacuum 
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environment.  The option I employed was to use a reducing environment, a 95% nitrogen 
/ 5% hydrogen (forming gas) environment, to reduce the wire and brazing materials.  This 
technique works quickly at the elevated temperatures we are using, and is highly 
conformal.  Proper wetting of the surface is important for brazing, because it allows braze 
to not only wet the surface of the wire, but it also allows for capillary action  to draw 
molten braze preferentially to the areas with the greatest capillarity, which in the case of 
the weaves are the tangential junctions between the wires.   
Samples were brazed by placing foils of the 50m thick brazing alloy above and 
below sections of 3D woven copper material.  The brazing alloy and the weave were both 
cut with shears.  Cutting the weave with shears leaves a small crimped region around the 
cut junction.  This region was found to be on the order of ~3 mm.  As a result, the 
samples were cut oversized in order to be able to remove the damaged region after 
brazing.  The sample and foils were supported on an alumina substrate.  Alumina was 
chosen as the substrate material, because it is able to support the weave during brazing 
without issues of contamination.  Additionally, the alumina is not negatively affected by 
the temperature or hydrogen environment.  Finally, since alumina is an oxide that is not 
reduced by hydrogen, braze will not wet the surface of the substrate, so it will not take 
braze away from the weave during processing.  An image of a Cu weave sample prepared 





Figure 9: A 3D woven copper section before furnace brazing.  The section of weave is sandwiched between 
45m thick foils of Lucas-Milhaupt 721-VTG braze and alumina plates.  The whole sample is wrapped in 
nickel-chromium wire since the braze will not wet the surface of that material. 
 
 
Samples were placed inside a quartz tube that was evacuated to 1x10
-3
 Torr with a 
roughing pump and backfilled with forming gas to 1 psig at least three times to ensure 
adequate purity of the environment.  Once the tube was backfilled the last time, the tube 
was placed inside a Lindberg Blue tube furnace that was preheated to 900°C.  This 
temperature was chosen to ensure that there was adequate fluidity of the braze so that it 
could penetrate the interior of the weaves.  Once the sample temperature reached 900°C 
(8-12 minutes depending on the mass of the sample), the sample temperature was then 
held at that temperature for 5 minutes in order to ensure that the sample had sufficient 
time to reach thermal equilibrium, which is necessary for uniform penetration of braze 
into the woven lattice.  The furnace was then rolled off the quartz tube and the sample 
cooled through natural convection to room temperature in 10-15 minutes, before the 
sample was returned to a room environment and the sample was removed from the quartz 
tube.   
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In order to maintain the appropriate environment for brazing, and to achieve rapid 
heating and cooling of the samples, I designed and constructed a custom made rapid 
heating and cooling furnace.  It used to perform the majority of the brazing in this work.  
An image of the custom furnace is shown in Figure 10.  The design of this furnace is 
based off a similar type of furnace at the Army Research Lab (ARL) at Aberdeen Proving 
Grounds that was initially used in this work.  Dr. Kristopher Darling and Anthony 
Roberts helped me in the initial designs of this furnace. 
This furnace system is unique in that it allows the user to independently set the 
environment in the quartz sample tube and vary the temperature of the furnace.  The 
furnace is a Lindberg Blue tube furnace that is controlled with a custom made Eurotherm 
Nanodac PID controller and data logger.  The furnace and the controller can be found on 
the left side of Figure 10.  On the right side of the figure the quartz tube, that supports the 
sample during processing, and the environmental systems and controls can be seen.  The 
quartz tube is connected into the rest of the system by a viton o-ring sealed compression 
fitting.  The environment used for brazing in this furnace is the 95% N2/5% H2 forming 





Figure 10: An image of custom built furnace that was used for the majority of the brazing work for this project.  The tube furnace shown in the upper left portion 
of the image is mounted on a sliding frame which allows it to slide over top of the environmentally controlled 4 foot long quartz tube that is shown in the upper 
right of the image.  This allows for rapid heating and cooling of samples inside the quartz tube without having to wait for the large tube furnace to heat up and 




such as nitrogen or argon, or high vacuum with the use of the attached Pfieffer HighCube 
80 diaphragm backed turbo molecular pump can be used.  The high vacuum side of the 
system is separated by a series of high vacuum rated diaphragm valves which serve to 
maintain a clean environment for high vacuum heat treatments and to minimize the 
pumping path length for the turbo molecular pump.  The high vacuum side of the system 
has been shown to be capable of vacuum levels of 1x10
-6
 Torr.  Once the sample was 
mounted in the quartz tube and the appropriate atmosphere was obtained, the preheated 
furnace was then moved over top of the quartz tube by rolling the v-groove wheels that 
are attached to the furnace on the complimentary v-shaped tracks that are supported by 
the frame.  These rails provide consistent alignment of the furnace over the tube.  All as-
woven materials were initially cut oversized, using either wire electrical discharge 
machining (EDM) or sheet metal shears, in order to allow for the removal of damaged 
areas on the outer edges of the samples, which are the result of handling during the 
brazing process.   
After brazing, the samples were then cut to their final dimensions using wire 
EDM and all cut faces were then hand polished to 1200 grit to remove the recast layer.  
The brazing of woven materials is a function of many factors which include but are not 
limited to:  the atmosphere in which the brazing process takes place, the maximum 
brazing temperature, the profile of the temperature cycle, the amount of braze used, the 
brazing alloy, and the wire material that is being brazed.  These are some of the 
parameters that are not only important, but they are parameters that we also have the 
ability to control when brazing these lattice materials. 
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The brazing process as described above assumes that the base metal wires are free 
of oxide.  Surface oxide would inhibit the wetting of the surface by the liquid braze.  The 
two primary methods employed to braze materials that have a surface oxide are to either 
reduce the oxide from the surface or to use a brazing material that actively reduces the 
surface oxide.  For the copper weaves we chose to remove the surface oxide during 
brazing with a reducing atmosphere, as discussed previously.  Due to the small pores and 
nodes in the material, it would have been prohibitive to use a chemical flux because 
removal of the flux after brazing would have been difficult.  Also, due to the complex 
bond geometry, flux may have been trapped in the joints after brazing leading to reduced 
bond strength.  Instead, a reducing atmosphere composed of 5% hydrogen / 95 % 
nitrogen was used to strip the weakly bound oxide from the surface of the copper.  Since 
high purity OFHC copper was used in these experiments, the hydrogen environment 
should not embrittle the copper wires [54,55].  It is important to note that this method 
does not work for the woven NiCr structures, due to the stable gas tight Cr2O3 layer on 
the surface of the Chromel-A wires that is not reduced by hydrogen [56,57].  The lack of 
oxide removal does not allow braze to wet the wires in the weaves, and instead, the braze 
balls up on the surface in order to minimize its surface to volume ratio.  A ball of braze is 




Figure 11: Optimized architecture NiCr sample that was brazed with the silver-copper eutectic alloy at 
900°C for 5 minutes in a 95%N2/5% H2 atmosphere.  The atmosphere was unable to strip the Cr2O3 from 
the surface of the wire and that oxide prevented braze from wetting the wire.  Instead, the wire balled up on 
the surface of the weave in order to minimize its surface area to volume ratio. 
 
 
The maximum brazing temperature is another important parameter for our 
processing since temperature can be used to directly control the viscosity of the braze and 
the interdiffusion of the different species.  An example of two woven samples that were 




Figure 12: Two examples of optimized architecture copper weaves that were brazed at the wrong 
temperature with a silver-copper eutectic braze.  The fill/z plane is shown in each example.  In the sample 
that was brazed at 800°C the viscosity of the brazing material was too high and it failed to adequately 
penetrate the weave.  In the sample that was brazed at 1000°C braze penetrated the weave, but diffusion of 
braze into the wires decreased the melting temperature of the weave leading to melting of the wires in the 
structure. Both of these samples were held at their processing temperatures for 5 minutes. 
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As the temperature increases above the melting temperature, the viscosity of the 
braze drops.  When the braze is viscous, surface tension forces prevent the penetration of 
the braze into the structure.  In Figure 12, the 800°C temperature was too low and the 
viscosity of the braze was too high.  As a result we see inadequate penetration of the 
braze into the weave.  If the viscosity of the braze is lowered by going to higher 
temperatures, the capillary forces will dominate over the surface tension forces allowing 
braze to wick into the nodes of the structure.  In the figure at the right, the temperature 
was too high.  Although there is good penetration of the braze into the weave, the 
alloying of the braze with the wire results in localized melting of the weave.  The brazing 
temperature is a directly related to the brazing alloy that is used since each alloy has a 
specific melting temperature and temperature dependent viscosity.  In order for us to 
maintain a high service temperature in our final brazed lattice, we choose a brazing alloy 
with as high of a melting temperature as possible.  This high melting temperature, 
however, is at odds with the fact that the brazing alloy must melt at a temperature that is 
sufficiently low enough such that we can heat the liquid above its melting temperature 
(decreasing the viscosity) to obtain adequate penetrate into the weave without melting the 
base metal.  It is important to note that, even though the wires in our structure are solid 
during brazing, braze will also diffuse into the wire and locally modify the composition.  
This change in composition can modify the local melting temperature of the material.  An 
example of the diffusion of the Ag from the braze into the solid wires that make up the 




Figure 13: A polished cross section at 45° to the warp direction (in-plane) of the optimized pattern weave 
in copper after brazing at 900°C for 5 minutes with a silver-copper eutectic braze.  Image courtesy of Dr. 
Dick Fonda and Dr. Amanda Levinson (NRL).     
 
From the polished cross section of the weave, diffusion of silver into the surface 
of the copper wire and within the bulk of the wire can be observed.  The cumulative 
amount of time that the material spends at elevated temperatures (either in a single or 
multiple brazing cycles) is important since it affects the amount of Ag that diffuses into 
the Cu wire.  This process can be described by Fick’s second law, which for one 












where C is the concentration as a function of the distance x, t is time, and D is the 
diffusivity of the species.  This equation can be integrated with time to estimate the 
concentration of the diffusing species at a distance, x, and at time, t [58]. 
 






where, n is the concentration of the diffusing species at a distance x from the initial 
interface and time t and no is the initial concentration of the diffusing species.   
The denominator of the error function (2√𝐷𝑡), is known as the diffusion length 
and it indicates how far the diffusing species has diffused with time.  The diffusivity, D, 
is a function of the materials, the diffusion mechanism (bulk, grain boundary, surface, 
etc.), and the temperature and it usually increases with temperature.  In order to minimize 
the diffusion length, we must either minimize the temperature or the time.  In order to 
achieve the proper viscosity with this alloy, we cannot change the temperature, so 
therefore we must minimize the time for brazing in order to minimize the diffusion 
length. 
Although there does appear to be diffusion at the surface of the wire, there is also 
diffusion into the bulk of the wire which appears to be along grain boundaries.  The 
diffusion of silver into OFHC Cu has been studied extensively and is well published in 












/s at 780°C [59–61].  The diffusivity of the Ag along a grain 




/s as measured with a 




/s at 780°C assuming a grain boundary width of 
7.6x10
-8
 cm [59,62,63].  These values of the diffusivity were used to calculate the 
diffusion length of Ag into Cu for both bulk and grain boundary (GB) diffusion at 780°C 
(the melting temperature of the braze) and 900°C (the brazing temperature for our 
process) for a range of times up to 10,000 s (2.8 hours) and the results are shown in 
Figure 14.   
 
 
Figure 14: A plot of the calculated diffusion length of Ag diffusion into Cu at both 780°C and 900°C for 
bulk and grain boundary (GB) diffusion.  Lines indicating the wire diameter and the brazing time used in 




The calculation of the diffusion length performed at the melting temperature of the braze 
and at the usual brazing temperature provides an upper and lower bound for the diffusion 
across the range of temperatures that the braze is liquid during the brazing process.  From 
the calculation of the diffusion length for the two cases, it becomes obvious that the Ag in 
the braze will quickly penetrate the interior of the wire along grain boundaries and we are 
not able to braze the material quickly enough to prevent this diffusion mechanism.  Our 5 
minute processing time, however, appears to be fast enough to limit diffusion of the silver 
into the bulk of the wire.  In order to minimize the size of the diffusion zone, the lattice 
should only remain at temperature long enough for a uniform temperature to be reached 
and for braze to wick into the weave (which happens on the order of seconds).  Therefore, 
in order to minimize the diffusion of Ag into the Cu wires and to minimize the heating 
and cooling times (in order to process more samples), our custom high heating and 
cooling rate furnace was used for brazing (Figure 10).  
A silver-copper eutectic (72% Ag /28% Cu by mass) braze was chosen, in order 
to maintain high thermal and electrical conductivity, high strength, as well as to penetrate 
and properly bond the weave.  In addition to these reasons for choosing this brazing 
alloy, as the braze alloys with the wire (as is shown in Figure 15), the local composition 
of the brazed junction becomes more rich with Cu (as Ag diffuses into the wire) and the 
melting temperature of the brazed region increases.  Therefore, the brazed junction 
always possess a higher melting temperature than the brazing alloy and a lower melting 
temperature than the pure wire.  Unfortunately, this also means that the melting 
temperature of the alloyed region of the wire is suppressed with the addition of braze, 
although the melting temperature of the alloyed region of the wire is always higher than 
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the brazed junction.  This alloying and melting temperature suppression of the wires can 
be seen in the samples processed at 1000°C for 5 minutes (Figure 12) where the wires 
melted during processing at 1000°C as a result of wire composition change.  The silver-
copper phase diagram [64] is shown in Figure 15 with arrows indicating how the 
composition of the wire and the brazing alloy changes during brazing.   
When needed, this local alloying process also allows us to use the same brazing 
alloy to attach face sheets to the exterior of the weave during a second brazing process.  
Since the melting temperature of the bonds within the material increases after the first 
brazing process, due to alloying with the wire, we can heat the material to the melting 
temperature of the pure braze without reflowing the braze that is already in the structure.  
At this temperature, we can attach a face sheet to the surface of the material without 
reflowing the initial braze that was used to bond the wires together.  The attachment of a 
face sheet does not require great fluidity of the braze since the braze does not need to 
wick into the weave, but instead it only needs to bond the junction where the braze is 





Figure 15: Binary silver-copper eutectic phase diagram showing the composition of the copper wire and 
the brazing alloy in our system.  The red and blue arrows indicate how the local composition of the wire 
and brazed bond changes respectively.  Note how the local composition change lowers the melting 
temperature of the wire and raises the melting temperature of the liquid braze [64]. 
 
 In this study the amount of braze was varied in order to determine the optimal 
amount of brazing material.  If too little braze is used, there will be an insufficient 
amount of brazing material present in order to bond all of the tangential wire contacts 
together, which will negatively affect the shear stiffness of the material.  If too much 
braze is used, it will start to fill in the larger pores within the material’s architecture, 
which will negatively affect the permeability of the material.  The amount of braze was 
therefore varied in a series of samples for each of the woven architectures.  As a result of 
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the different densities of the architectures, the amount of braze is denoted in this study as 
the mass gain of the weave as a result of brazing.  The number of tangential wire pairs in 
the material increased from the optimized to the standard architecture, and a normalized 
way of describing the amount of braze that was added to the structure was employed to 








where, MG is the percent mass gain of the weave as a result of brazing, Mb is the dry 
mass of the brazing material used in that sample, and Mw is the dry mass of the 3D woven 
copper weave.  
  In order to evaluate the role of capillary forces in the weaves, a study was 
performed to evaluate the distance over which the liquid braze can travel.  The brazing 
material used was a 50m thick foil that was cut to the same dimensions as the specific 
woven sample.  Initially equal amounts of foil were placed above and below the samples 
to limit the distance that brazing material had to propagate into the woven material, 
however, in the course of this work it became clear that the braze has the ability to wick 
over relatively large distances (up to 25 mm has been observed) and against gravity in 
this material due to the high capillary forces.  In order to quantify the effects of capillarity 
during this process, an optimized architecture woven sample was prepared and braze was 
distributed non-uniformly across the sample.  A 50 mm long sample was cut and placed 
on an alumina substrate and a single foil of braze was prepared to the same dimensions as 
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the woven sample.  The braze material was then folded in half and placed on one side of 
the weave on the top surface as shown in Figure 16. 
   
 
Figure 16: As-woven ‘modified’ pattern copper weave supported on an alumina substrate inside a quartz 
tube.  The foil on top is alloy 721-VTG brazing alloy that was cut to the same size as the woven sample 
before being folded in half and placed on top of the sample and aligned to the left edge. 
 
The sample was then brazed in a forming gas atmosphere at 900°C for 5 minutes similar 
to the way that other copper weaves were brazed.  After bonding, the sample was then cut 
using wire-EDM and hand polished to a 1200 grit finish using successively finer 






Figure 17: An image of the woven material both before and after brazing.  The image at the top shows the copper weave with the single foil of braze on the top 
left corner before being inserted into the furnace.  The image on the middle show a cross-section and the remaining two images show close up views of the weave 





Examination of the cross-sections reveal that the braze is able to wick over 
distances of at least 25 mm and is selectively aggregated at the junctions between 
tangential wires.  This shows direct evidence that capillarity provides a self-organized 
bonding method, and that the braze will localize at the small tangential wire junctions in 
the material under these bonding conditions.  Preferential bonding of wire junctions 
without filling in the larger pores in the material provides the greatest increase in stiffness 
and strength with the smallest decrease in permeability.  This process is made possible 
because of the strong capillary action that is present as a result of the many wire to wire 
contact points.  This also emphasizes the importance of controlling the spacing in the 
weaves that are a result of the weaving process.  Large gaps in the structure will have 
lower capillary forces and are therefore less likely to form a successful bond. 
 The simple case of capillary force in a column can be used to gain an 
understanding of the capillary forces between two wires in the weave.  The relationship 
between the height of a liquid in a column (which indicates the magnitude of the capillary 
action) and the size of the column (which is analogous to the spacing between wires in 








where, h is the height of the liquid in the column, γ is the surface tension between the 
liquid and the air, θ is the contact angle between the minicsus and the tube,  is the 
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density of the liquid, g is the gravitational constant, and d is the diameter of the tube.  
This relationship shows that the diameter of the tube is inversely proportional to the 
height of the liquid in the tube (i.e. the capillary forces).  Therefore, the extension of this 
theory to our woven structure shows that as the spacing between wires decreases, 
capillary action can better draw the braze into these junctions.  Changing the wire 
diameter will also change the curvature of the interface, which will also affect the 
capillary action in the material (smaller wire leads to greater capillary action)   
It is also important to determine the proper amount of braze that is needed to bond 
the nodes.  The correct amount of braze will bond the warp-warp, warp-fill, warp-z, and 
fill-z junctions, but will minimize the filling in of the pores in the structure.  The amount 
of braze then depends on the number of wire to wire junctions in the system (which is a 
result of the design geometry) and the spacing between the wires (which is a result of 
manufacturing). 
 The order in which wires are preferentially joined depends on the capillary forces 
that are present in the material and therefore they are directly related to spacing of the 
wires within the structure and the fact that smaller spaces within the material have higher 
capillary forces.  In the current 3D woven lattice materials, joining can be separated into 
four phases based on the spacing of the structure.  In the first phase of bonding warp-
warp and fill-fill wire pairs are bonded.  This arises from the fact that these parallel wires 
have the greatest amount of contact surface area within the structure.  Bonding of these 
junctions is also relatively insensitive to weaving defects, because even pairs of twisted 
warp or fill wires tend to twist together such that there is a small gap between the wires 
for bonding.  In the second phase of bonding, the warp-fill junctions are bonded together.  
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In an ideal architecture, these should have the same bonding priority as the wires bonded 
in the first phase, but these junctions are negatively affected by the defects in the weaving 
process.  Twisted pairs of warp or fill wires increase the average wire spacing in the z-
direction between warp and fill wires.  The increase in distance therefore decreases the 
capillary forces in those junctions and lowers the bonding priority of these junctions.  The 
third phase of bonding involves the bonding of the z-wires to the warp or fill wires.  
Since we are weaving metallic wires, the z-wires cannot make perfectly tight 180° bends 
at the top and bottom of the weave.  This leads to extra z-fill wire spacing, which is 
randomly distributed through the thickness.  This tends to increase the average spacing of 
the weave in the warp direction and not in the fill, which causes initially more fill-z 
connections than warp-z connections.  The fourth phase of brazing occurs when too much 
braze is added to the structure which results in the filling of the pores within the lattice.  
Once all of the other junctions within the material have been filled with braze, the 
capillary forces decrease and braze will fill in the larger pores within the structure.  This 
is highly undesirable, because this type of bonding increases the shear stiffness slightly 
while drastically decreasing the permeability. 
 In order to determine the amount of braze that was required to fully bond all of 
the wire nodes in the different architectures, I developed a simple analytical model of the 
weaves and examined a representative repeat unit where the volume of wire and braze 
that is required to bond every node is determined.  The volumes of wire and braze in the 
repeat unit was then calculated and multiplied by their corresponding densities in order 
determine the mass of the wire and braze.  Eq. 7 was then used to calculate the mass gain, 
MG, of braze for each of the architectures.   
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 The representative repeat unit was chosen in order to capture all of the features of 
both the standard and optimized architectures, but to do so in a small volume which made 
accounting for the numbers of wires and bonds easier.  The representative repeat unit is 
shown in Figure 18. 
 
 
Figure 18: Representative model of the warp-fill plane of the weave with the representative repeat unit 
denoted by a dashed line.   
 
   
In the repeat unit, if all of the wires are perfectly tangent to one another and there 
are no unintended gaps, than the length of the unit cell in the warp and fill directions is 
simply six wire diameters.  The z-wires were assumed to have rounded loops at the top 
and bottom, but that the tops and bottoms of the loops were tangent to the top and bottom 
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fill-layers.  This correlates to a thickness in the z-direction of the perfect modeled weave 
is thirteen wire diameters. 
It is important, however, to account for the unintended gaps in the materials that 
are a result of the weaving process, since this gap between the wires will require more 
braze in order to bond the wires together.  When gaps are included, the length of the 
repeat unit in the warp direction becomes,  
 
𝑊 = 12𝑟 + 2𝑔𝑤−𝑤 + 4𝑔𝑤−𝑧 (9) 
 
where, W is the length of the repeat unit in warp direction, r is the radius of the wire, gw-w 
is the size of the gap between pairs of warp wires, and , gw-z is the size of the gap between 
neighboring warp and z-wires.  In the fill direction, the length of the representative unit 
cell with the inclusion of gaps between wires becomes, 
 
𝐹 = 12𝑟 + 2𝑔𝑓−𝑓 + 4𝑔𝑓−𝑧 (10) 
 
where, F is the length of the repeat unit in warp direction, gf-f is the size of the gap 
between pairs of fill wires, and , gf-z is the size of the gap between neighboring fill and z-




𝑍 = [20𝑟 + 10𝑔𝑤−𝑓] + [6𝑟 + 2𝑔𝑓−𝑧 + 𝑔𝑓−𝑓] (11) 
 
 where, Z is the length of the repeat unit in warp direction and gw-f is the size of the gap 
between pairs of fill and warp wires in the z-direction.  The size of the unintended gaps as 
a result of weaving for each architecture are summarized above in Table 1. 
With the size and geometry of the repeat unit defined, the volume and subsequent mass of 
the wires within the repeat unit can be calculated.  There are three types of wires (warp, 
fill, and z) and the number of warp and fill wires are different depending on the 
architecture of the material.  In this model, a z-wire was defined as the section of wire 
that propagates vertically through the thickness of the weave from the center of one z-
crown to the center of the next z-crown (on the opposite side of the weave).  An 
illustration of the z-wire used in the model is shown in Figure 19.  
The volume of the wires in the repeat unit is a summation of the volume of an 
individual wire multiplied by the total number of wires in the repeat unit, since the 
volume of all wires of the same type (warp, fill or z) are equal within the repeat unit.  The 
volume of an individual warp wire in the repeat unit is simply the volume of a cylinder 













The volume of an individual z-wire is a combination of a cylindrical section and 
two quarter sections of a torus on the top and the bottom.  The volume of the z-wire with 
the geometry that is shown above in Figure 19 is, 
 
𝑉𝑧 = [𝜋𝑟
2(20𝑟 + 10𝑔𝑤−𝑓)] + [𝜋





 The volume of each individual wire within the repeat unit was calculated using 
Eqs. 12-13.  The volumes were tabulated for the standard and optimized architectures for 
models with no gaps and for model with the measured gap sizes that were measured from 





Figure 19: A model of the z-wire in the weave used to calculate the volume of the z-wire in the weave.  The 
z-wire extends from the center of one z-wire crown to the next and the base of the z-wire crown is aligned 
with the top and bottom outermost fill wire centers. 
 
Table 3: Volume of individual warp, fill, and z-wires in the repeat unit for the 
standard and optimized architectures 
Bond Type 
Individual Wire Volume (mm3) 
No Gaps Measured Gaps 
Standard Optimized Standard Optimized 
Warp 3.88E-02 3.88E-02 4.80E-02 4.86E-02 
Fill 3.88E-02 3.88E-02 4.15E-02 4.15E-02 




 In order to determine the total amount of Cu wire in the repeat unit, the volume of 
the individual wires in the weaves must be multiplied by the number of each type of wire 
in the repeat unit.  The number of individual wires within the repeat unit are shown in 
Table 4 and the total volume of each type of wire in the weave for both architectures and 
gap sizes are shown in Table 5.  
From the estimates of the amount of Cu wire in the repeat unit, we can see that the 
standard architecture contains 26% more Cu wire than the optimized architecture.  When 
the average measured gaps are incorporated into the model, the length of the warp, fill, 
and z-wires must also increase in order to accommodate the increased dimensions in the 
repeat unit.  Even with the incorporation of the average gaps, the increase in the amount 
of Cu from the optimized to the standard remains the same at 26% even though the gaps 
are different in different directions. 
 
Table 4: Number of individual warp, fill, and z-wires in the repeat unit for the 
standard and optimized architectures 
Number of Each Type of Wire in a Repeat Unit 
Wire Type Standard Optimized 
Warp 20 14 
Fill 24 16 





Table 5: Total volume of individual type of warp, fill, and z-wires in the repeat unit 
for the standard and optimized architectures for the models with no gaps and for 
the models with measured gaps 
Bond Type 
Total Wire Volume in a Repeat Unit (mm3) 
No Gaps Measured Gaps 
Standard Optimized Standard Optimized 
Warp 7.77E-01 5.44E-01 9.60E-01 6.80E-01 
Fill 9.32E-01 6.21E-01 9.97E-01 6.64E-01 
Z 3.81E-01 3.81E-01 4.61E-01 4.65E-01 
Total 2.09E+00 1.55E+00 2.42E+00 1.81E+00 
 
 
The volume of braze within a repeat unit was also calculated by first calculating 
the volume of an individual bond and then multiplying it by the number of each type of 
bond in the repeat unit.  There are five types of bonds in the woven materials (warp/warp, 
fill/fill, warp/fill, warp/z, and fill/z) and each type of bond has its own individual volume, 
but the geometry of the bonds between parallel wire pairs (warp/warp and fill/fill), and 
the z-wire bonds (warp/z and fill/z) are of a similar geometry. 
The bond between parallel pair of wires was assumed to fill in the space between 
the pair of wires completely with an hour glass shape to the centerline of each wire.  An 
illustration of the assumed cross section of the bond geometry next to images of real wire 





Figure 20: An x-ray microtomography image (courtesy of NRL) and an optical image of a cross section 
which shows the geometry of a parallel wire pair in the copper weaves after brazing at 900°C for 5 minutes 
in a forming gas atmosphere.  The bond of interest is outlined in both images by a red box.  Below is an 
illustration of the model of a parallel wire pair with the hour glass cross-section of the braze junction, 
which extends to the centerline of each of the wires in the pair. 
 
This bond geometry was used in the model for both warp/warp and fill/fill wire pair 
bonds in the weave model.  The geometry of this bond is a long rectangular box, with two 
half cylinders removed from each side.  The volume of the warp/warp bond including the 
unintentional gap between the wires is therefore, 
 
𝑉𝑤−𝑤 = [(4 − 𝜋)𝑟






and analogously the volume of a fill/fill parallel wire bond is, 
 
𝑉𝑓−𝑓 = [(4 − 𝜋)𝑟
2 + 2𝑔𝑓−𝑓𝑟]𝐹 (16) 
  
 The geometry of the z-wire bonds were defined as a rectangular box that once 
again extended to the center of the two bonded wires, which necessitates the removal of a 
half cylinder from each side of the rectangular box.  Unlike the warp/warp and fill/fill 
bonds, the bond does not extend the length of the repeat unit, and the half cylinder 
cutouts are oriented 90° apart due to the orthogonal orientation of the bonded wires.  An 
image of the z-wire bond and an illustration of the modeled bond are shown in Figure 21.  
In order to calculate the size of the z-wire bond, the volume of the rectangular box 
must be calculated from the geometry of the lattice, and then the two half cylindical areas 
can be calculated and removed from the bond volume.  In the case of a warp/z bond, the 
volume of an individual bond including gaps between warp and z-wires is, 
 









𝑉𝑓−𝑧 = (8 − 2𝜋)𝑟
3 + 4𝑔𝑓−𝑧𝑟
2  (18) 
  
 The warp/fill bond is found between two orthogonally oriented pairs of warp and 
fill wires that are stacked in the z-direction.  For the purposes of this model, the warp/fill 
bond is assumed to have the shape of a rectangular box that is tangent to the tops of the 
warp and fill wire pairs and that extends to the centerline of the four individual wires that 
are bonded.  An image of a warp/fill bond in an actual brazed weave and an illustration of 
the bond in the model is shown in Figure 22. 
The shape of this bond is defined by the wire diameter and the gaps between 
wires.  In the limit where the warp/fill wire gap approaches zero, then the volume of the 
warp/fill bond also approached zero.  This is an artifact of the way that the warp/warp, 
fill/fill, and warp/fill bonds are defined, but it also means that the volume between the 
wires will be completely filled by the warp/warp or fill/fill bonds when the warp/fill gap 
approaches zero.  The volume of the warp/fill bond in this model is defined as, 
𝑉𝑤−𝑓 = (𝑔𝑤−𝑤 + 2𝑟)(𝑔𝑓−𝑓 + 2𝑟)𝑔𝑤−𝑓 (19) 
  
   Using these above equations with the wire size and gap values, the volume of the 
5 types of individual wires bonds can be calculated.  The volume of the individual bonds 
for the standard and the optimized architecture weaves and a model with no gaps and the 





Figure 21: An x-ray microtomography image (courtesy of NRL) and an optical image of a cross section 
which shows the geometry of a z-wire bond to a neighboring orthogonal wire in the copper weaves after 
brazing at 900°C for 5 minutes in a forming gas atmosphere.  The bond of interest is outlined in both 
images by a red box.  Below is an illustration of the model of the bond, which extends to the centerline of 





Figure 22: An optical image of a cross section which shows the geometry of a warp/fill wire pair bond in 
the copper weaves after brazing at 900°C for 5 minutes in a forming gas atmosphere.  The bond of interest 
is outlined by a red box.  Below is an illustration of the model of the rectangular box shaped braze 





Table 6: The volume of an individual warp/warp, fill/fill, warp/z, fill/z, and warp/fill 
bonds in the repeat unit for the standard and optimized architectures and for a 
model with no gaps between wires and a model that uses the average measured gaps 
from optical measurements 
Bond Type 
Individual Bond Volume (mm3) 
No Gaps Measured Gaps 
Standard Optimized Standard Optimized 
warp/warp 1.06E-02 1.06E-02 1.61E-02 1.97E-02 
fill/fill 1.06E-02 1.06E-02 1.68E-02 1.55E-02 
warp/z 1.77E-03 1.77E-03 2.42E-03 2.18E-03 
fill/z 1.77E-03 1.77E-03 4.26E-03 1.77E-03 
warp/fill 0.00E+00 0.00E+00 1.89E-03 2.04E-03 
 
 
In order to determine the total volume of braze in the repeat unit, the volume of 
each type of bond must be multiplied by the associated number of each type of bond.  
The number of each type of bond in the repeat unit is shown in Table 7 and the total 
volume of each type of bond in the repeat unit for the standard and optimized architecture 





Table 7: Number of individual warp/warp, fill/fill, warp/z, fill/z, and warp/fill bonds 
in the repeat unit for the standard and optimized architectures 
Number of Each Type of Bond in a Repeat Unit 
Bond Type Standard Optimized 
Warp/Warp 10 7 
Fill/Fill 12 8 
Warp/Z 40 28 
Fill/Z  48 32 
Warp/Fill 40 22 
 
 
Table 8: Total volume of the warp/warp, fill/fill, warp/z, fill/z and warp/fill bonds in 
the repeat unit for the standard and optimized architectures for the models with no 
gaps and for the models with the average measured gaps 
Bond Type 
Total Bond Volume in a Repeat Unit (mm3) 
No Gaps Measured Gaps 
Standard Optimized Standard Optimized 
warp/warp 1.06E-01 7.43E-02 1.61E-01 1.38E-01 
fill/fill 1.27E-01 8.49E-02 2.02E-01 1.24E-01 
warp/z 7.08E-02 4.95E-02 9.69E-02 6.10E-02 
fill/z 8.49E-02 5.66E-02 2.04E-01 1.45E-01 
warp/fill 0.00E+00 0.00E+00 7.56E-02 4.49E-02 




Figure 23: Braze distribution by bond type on a volume basis presented as a percentage of the total bond 
volume in a repeat unit for the standard architecture weave model with no unintended gaps. 
 
 
Figure 24: Braze distribution by bond type on a volume basis presented as a percentage of the total bond 






































































Figure 25: Braze distribution by bond type on a volume basis presented as a percentage of the total bond 
volume in a repeat unit for the standard architecture weave model with the average measured gaps 
between wires for each type of bond. 
 
 
Figure 26: Braze distribution by bond type on a volume basis presented as a percentage of the total bond 
volume in a repeat unit for the optimized architecture weave model with the average measured gaps 






































































 Examination of the amount of braze required for each bond and each case reveals 
several things about the role of architecture, bond type, and gap size.  As a result of the 
greater amount of wires in the standard weave and the corresponding greater number of 
bonds, the standard architecture requires more braze (by volume) to fully bond the lattice 
together.  Additionally, the gaps in the weave increase the distance between the wires and 
the volume that must be filled in order to bond the wires together with the assumed 
geometry.  This leads to an increase in the bond volume as the size of the gaps increase.  
In the model with no gaps, we do not see any braze that is being used for warp/fill bonds.  
This is a result of the way that the warp/fill bond is defined, that was described above, not 
an indication of the fact that there are no warp/fill bonds present.  In fact, the model 
inherently assumes that the material is fully bonded.  Instead, the warp/fill bonds are 
actually part of the warp/warp and fill/fill bonds in the zero gap model.  The parallel wire 
bonds (warp/warp and fill/fill) are the greatest volume of braze in the repeat unit with 
more fill/fill bonds than warp/warp bonds.  This is attributed to the greater number of 
fill/fill wire bonds available.  The z-wire bonds constitute a smaller volume than the 
parallel wire bonds with more fill/z bonds than warp/z bonds as a result of the greater 
number of available fill/z bonds in the material.  The incorporation of gaps into the model 
leads to changes in the distribution of braze amongst the bond types.  The most prominent 
change is the sharp increase in the volume of fill/z bonds.  This is attributed to the large 
gap size between fill and z-wires, which lengthens the fill/z bonds and drastically 
increases the volume of the bonds.  The other significant change that can be observed is 
the presence of warp/fill bonds in the weaves.  The warp/fill bonds begin to appear and 
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occupy nearly 10% of the volume of all bond material in the models that incorporate 
gaps.  The warp/fill gaps are the second largest gaps in the model which causes the large 
increase in warp/fill bond volume.  Finally, it is important to note that the introduction of 
the measured gaps dramatically doubles the volume of bond material by for both 
architectures.   
The total mass of the wire and braze for the repeat unit for each of the four cases 
has now been shown.  In order to use these calculations to estimate the required amount 
of braze to fully bond the weaves, they must be turned into a mass gain of braze, MG.  
The mass of each component in the repeat unit is calculated by multiplying each 
calculated volume by their corresponding density (Cu = 0.00896 g/mm
3
 [67] and Braze = 
0.00908 g/mm
3
 [53]).  Dividing the mass of the braze by the mass of the wire in the 
repeat volume will then yield the mass gain necessary for brazing all of the wire nodes in 
the weave.  The mass of the wire and braze for each of the four cases and their associated 
percent mass gain calculations are found in Table 9. 
 The mass gain that is required to fully bond all of the wires in the materials 
provides an indication of the required amount of braze that is necessary to fully bond the 
3D weaves and transform them into lattices.  For both gap sizes, the models show that the 
standard architecture requires more braze to fully bond the weave and a larger mass gain, 
although the difference in mass gain with architecture for a particular gap size model is at 
most 2%.  The model with no gaps requires less bonding material and therefore there is a 
smaller mass gain required to bond these weaves than the model with the gaps.  It is 
important to consider the fact that in these models, idealized bond geometry is employed, 
all possible wire bonds are satisfied, and the gap size that is used as an average gap size 
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for all bonds of a particular type.  These factors indicate that the correct mass gain for the 
actual material may likely lie between the estimates of the mass gain for the no gap and 
the measured gap model. 
 
Table 9: Mass of the wire and braze in a repeat unit for the standard and optimized 
architectures for the models with no gaps and for the models with measured gaps.  
The associated percent mass gain of each of these four cases is also shown. 
Mass (g) 
Mass of Wire and Braze in a Repeat Unit 
No Gaps Measured Gaps 
Standard Optimized Standard Optimized 
mwire 1.87E-02 1.39E-02 2.17E-02 1.62E-02 
mbraze 3.49E-03 2.38E-03 6.63E-03 4.60E-03 
% Mass Gain 18.6% 17.2% 30.6% 28.4% 
 
 
 In order to empirically determine the approximate amount of braze needed, 
samples were prepared using different amounts of braze for both the standard and 
optimized pattern weaves in copper.  The cross-sections of the warp-z plane of the 
standard weaving pattern for six different amounts of braze are shown in Figure 27. 
From cross sections like those shown in Figure 27, it was determined that when low 
amounts of braze are used (7% mass gain) only a fraction of the wire junctions are 
bonded together and the majority of the bonding appears to be between pairs of parallel 
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wires.  At the intermediate amounts of braze (11% and 15% mass gain) we see evidence 
of the second phase of bonding between warp and fill wires.  At even high amounts, 
(>20% mass gain), we see evidence of bonding to the z-wires (phase 3) and then (>25%) 
filling in of the larger voids within the structure (phase 4).  This would imply the ideal 
amount of braze that is required to fully bond the weaves and to maximize shear stiffness 
and permeability would be a mass gain in the mid 20% range.  These results are in 
agreement with the analytical estimate of the amount of braze.  These results were further 
confirmed through measurements of the in-plane shear stiffness and the permeability by 
Dr. Yong Zhang and Longyu Zhao, which are discussed in Chapter 4, and through serial 
sectioning and x-ray microtomography measurements that were performed by the Naval 
Research Lab (NRL) with the help of Dr. Richard Fonda and Dr. Amanda Levinson. 
 In order to examine the weaves that were brazed with various amounts of braze, 
NRL performed x-ray microtomography and serial sectioning in combination with 3D 
reconstruction techniques in order to provide 3D images and quantitative measurements 
of the bonding in the weaves.  Seven brazed copper samples (four optimized architecture 
and three standard architecture) with different amounts of braze from 5-30% mass gain 
were analyzed by NRL. 
  A standard architecture sample with a 15% mas gain was initially examined at 
high resolution in order to determine the preferentially and the efficiency of the bonding 
in the weaves.  An ideally bonded sample would only provide the efficiency of the 
bonding in the weaves, but would provide no indication of which bonds are more likely 
to be brazed first.  A sample slice of the weave and the 3D reconstruction of the entire 





Figure 27: Cross sections of the warp-z plane of the standard weaving pattern in copper after brazing with 





Figure 28: A single slice that was taken of the 15% mass gain brazed standard architecture copper weave 
sample.  Below are two wire pairs that have been successfully bonded together.  The shape of the brazed 




Figure 29: The 3D reconstruction of the 15% mass gain brazed standard architecture copper weave 
sample.  This reconstruction was analyzed in order to look at the preferentiality and the efficiency of the 
bonding by brazing.  (Courtesy of NRL) 
 
 
The six other brazed copper samples were both standard and optimized 
architecture copper weaves with 6-35% mass gain were examined with x-ray 
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microtomography. An image of the the x-ray microtomography reconstructions are 
shown in Figures 30. 
 
 
Figure 30: Images of the six additional serial sectioned samples after reconstruction.  The reconstructions 
were analyzed to provide detailed analytical information of the location of the braze in the samples and to 
confirm the ideal amounts of braze that is necessary for each architecture.  (Courtesy of NRL) 
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 The serial sections and x-ray microtomogrpahy measurements of the brazed 
copper samples provided further evidence that the ideal amount of braze to bond most of 
the tangential wire junctions, without filling in the larger flow channels in the material is 
in the mid 20% mass gain range.  At the lower amounts of added braze, the efficiency of 
bonding the z-wires to the fill wires decreases because the size of the gaps in the woven 
structures is larger.  This confirms our hypothesis on the order preference of the order of 
bonding in the weaves.  At higher amounts of braze, we begin to see clumping of braze at 
the surfaces of the material and eventually filling in of the flow channels [68]. 
In summary, we have brazed samples of both the standard and optimized patterns 
in copper and empirically determined the optimal amount of braze that is required to 
preferentially bond the weaves together without filling in the large flow channels in the 
weave.  The empirically determined amount of braze that should be added is in the mid 
20% of the mass of the copper weave that is being brazed.  We also have found that for 
the copper weave and the silver-copper eutectic brazing alloy that a brazing cycle that 
rapidly heats the material to 900°C provides good fluidity for this system.  Use of a 
reducing atmosphere containing from 5% hydrogen in argon was adequately sufficient to 
clean the surface of the copper and allow braze to wet the structure.  The materials were 
also tested for both shear stiffness and permeability, which in conjunction with analytical 
modeling, x-ray microtomography, and serial sectioning results confirmed that we were 
able to successfully preferentially bond the weaves and form microlattices. 
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3.2.2: Brazing of Multilayer Weaves 
 
We have shown that we can make microlattice materials by brazing of the copper 
weaves with silver-copper braze, but in order to determine if the material properties are 
an improvement over current commercially available materials, we must look at some of 
the possible applications.  Load bearing thermal management devices are potential 
application and we will use it as a means to guide the manufacturing and property 
requirements of the materials. 
Laser diode packages have a wide range of applications from simple every day 
devices such as laser pointers to demanding applications for military use.  Demanding 
applications require increasingly higher power outputs, but due to the inefficiencies in 
these laser diode devices, the generation of more power leads to the detrimental 
generation of more heat in the device.  In fact, most laser diodes have efficiencies of less 
than 20% and many have efficiencies of only a few percent [69].  In order to generate the 
right frequency and bandwidth of emitted light, as well as to prevent overheating and 
material breakdown, the laser diodes must be actively cooled [70]. 
Most demanding laser diodes applications involve packaging a cooled laser diode 
system for use on mobile vehicles.  This places special demands on the cooling system 
and makes the weight of not only the device but the coolant and piping necessary for the 
device to operate an important consideration.  A device that has greater cooling efficiency 
would provide the necessary heat removal with less weight, and if the material is load 
bearing it can replace other structural material thus eliminating further weight.  As a 
result, a device that has a high heat transfer coefficient per flow rate (implying efficient 
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convective heat transfer to the working fluid while only using a small amount of fluid), a 
low pressure drop, and a uniform temperature across the device (no local high 
temperature regions) in addition to bearing loads would allow for greater laser diode 
performance. 
In conjunction with Michael Schatz from Lincoln Labs at MIT, it was determined 
that a nominal heat transfer testing block for laser diode cooling should possess a 
geometry of 25.4 mm x 25.4 mm x 76.2 mm.  Since the 3D weaves that we a currently 
fabricating have a maximum thickness (z-direction) of 3 mm and width (fill-direction) of 
30 mm, we could not currently manufacture the geometry necessary to satisfy the 
requirements with our current 3D weaving process.  In order to meet the size 
recommended by Lincoln Labs, it become necessary to not only bond the nodes of the as-
woven material, but also to join layers of the material together by stacking and brazing in 
the z-direction. 
 In order to braze multiple layers of the material together, the processing steps 
developed for the brazing of single layers of the weave was used as guideline.  In 
previous single layers brazing work, foils of braze were placed above and below a layer 
of weave and the liquid braze needed to only penetrate the weave by 1.5 mm (one half of 
a layer thickness).  The same strategy was employed in multilayer brazing and 8 layers of 
woven material were stacked with foils of braze placed above and below each layer of 
woven material.  The stack of braze and weave was then sandwiched between layers of 
99.99% pure alumina plates to help maintain flatness and provide support for the part 
during brazing.  The materials and the alumina plates were wrapped with NiCr wire in 
order to maintain the alignment of the materials during brazing.  After wrapping with 
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wire, the braze foils and the strips of woven material were then realigned so that the 
exterior of each layer of weave was in alignment with all of the other layers.  Due to the 
Cr2O3 on the surface of the NiCr wire that is not reduced by the 5% hydrogen 
atmosphere, braze did not wet the wire and therefore it could be placed in direct contact 
with the exterior of the weave and be easily removed after brazing.  An example of a 
sample prepared and ready to be inserted into the furnace for brazing is illustrated in 
Figure 31.  A sandwich of weave and braze was inserted into the furnace and processed 
using the same processing cycle that was described previously for the brazing of single 
layers of weave.  An 8-layer optimized samples after brazing, EDM cutting, and hand 
polishing to 1200 grit on the four cut surfaces is shown in Figure 32.   
When manufacturing multilayer woven materials, it was important to ensure that 
braze not only penetrated the whole structure, but also to check that braze was uniformly 
distributed throughout the structure and that the z-wire loops nested between layers and 
were properly brazed.  Cross sectioning and polishing were performed to provide 
indications of the quality of the brazing in the multilayer brazed lattice structures.  The 
images of the polished cross sections are shown in the Figure 33.  From the polished 
cross sections, it can be seen that there is uniform penetration of the liquid braze 
throughout the whole structure and it appears that the z-wires do nest into one another 
during brazing.  Globally, nesting does not occur throughout the entire sample, but it 
appears that significant amounts of the sample do show this behavior.  Overall, our initial 






Figure 31: An 8-layer optimized sample prepared with 4 brazing foils for each layer of weave, before brazing.  The samples is 110 mm long so that all edges can 






Figure 32: 8-layers of optimized copper weave brazed together at 900°C for 5 minutes in a 3% H2/ 97% Ar 
environment.  The material was then cut with a wire EDM into a 76.2 mm x 25.4 mm x 25 mm block and 





Figure 33:  Cross sections of the 8-layer optimized woven copper microlattice structure.  These cross 
sections reveal uniform distribution of braze throughout the structure and good interlaminar bonding and 
nesting of the z-crowns between layers. 
 
 
In order to minimize surface contact resistance and allow for greater coupling of 
heat into the weave during thermal testing, a 1mm thick face sheet was also attached to 
the warp-z face of the material after it was EDM cut and polished to a 1200 grit finish.  
Face sheets were bonded for 5 minutes at 780°C with a single 25.4 mm x 76.2 mm x 
0.045 mm foil of silver-copper eutectic braze.  This lower temperature did not appear to 
allow the braze within the rest of the structure (from the first brazing cycle) to reflow 
since its melting temperature had increased due to interdiffusion and alloying with the 
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copper base metal.  Also, it did not appear that the braze was able to wick into the 
structure in any significant manner due to its high viscosity at these temperatures.  This 
brazing alloy was preferred because its thermal conductivity is close to the thermal 
conductivity of pure copper and silver [71].  In addition, alloys in between the 
composition of the brazing alloy and the wire possess a high thermal conductivity.  An 
image of the woven structure with the brazed face sheet is in shown in Figure 34. 
 
 
Figure 34: Image of the 8-layer optimized copper microlattice structure with a 1mm thick OFHC copper 
face sheet brazed to the warp-z face of the structure.  The face sheet was bonded at ~800°C with the same 
silver-copper eutectic braze that was previously used to braze the structure together. 
 
 
 Several samples were manufactured in the 25.4 mm x 25.4 mm x 76.2 mm 
geometry in both the standard and the optimized weaving pattern (Figure 35).  
Additionally, other samples were also fabricated in a 25.4 mm x 25.4 mm x 25.4 mm size 
as well. Samples both with and without face sheets were also made in order to satisfy a 
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wide variety of testing configurations.  In order to satisfy additional heat transfer 
applications, multilayer (8 layers in the z-direction) were fabricated and then sliced by 
wire EDM into thinner sections with the fill direction in the thickness.  These samples 
also had a face sheets applied after they were sliced to the appropriate dimensions.  All 
surfaces were then ground and polished to a 1200 grit finish by hand.  Samples that were 
3.2 mm, 6.4 mm, and 12.7 mm thick were prepared in both the standard and optimized 
architecture and are shown in Figure 36.  This work shows one example of how the 
limitations of the current weaving process can be overcome and the available geometries 
and applications of final parts can be expanded through the using of brazing.  
 
 
Figure 35: 25.4 mm x 25.4 mm x 76.2 mm (warp x fill x z) multilayer woven and brazed copper blocks.  The 
optimized block is shown on the left and the standard pattern block is shown in the right.  Both samples 
were brazed to a 1 mm thick OFHC copper face sheet after the initial brazing process (which was used to 




Figure 36: Sliced standard and optimized pattern woven samples in three different thicknesses.  The 
samples were all 25.4 mm x 76.2 mm (z x warp) and the thickness (fill) was varied to be 3.2 mm, 6.4 mm, 
and 12.7 mm.  After cutting to the appropriate thickness, the sample was then bonded to a face sheet using 
a silaver-copper eutectic braze. 
 
 
3.2.3: Fugitive Weaves 
 
 Another current limitation of the weaving process is that certain positions in the 
weave must be occupied with wires to support the structure.  In the standard pattern 
weave, all of the positions are filled, however in the optimized weaving pattern selected 
wires were left out of the weave to open up flow channels while leaving enough wires in 
the weave to support the structure during weaving.  In an effort to increase the 
permeability of our structures even more than can be directly woven, we studied the use 
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of “fugitive” wires.  Fugitive wires act as place holders during the weaving process and 
support the structure during weaving, but are later removed in order to allow for the 
development of new, more open designs and patterns. 
 In order to make stiff lattice materials from weave, we need to braze the structure 
together.  This creates a difficult materials problem when selecting the fugitive wire 
material.  Ideally, you would want the fugitive wire material to survive the bonding 
process and then be able to be removed.  For the copper systems, this would mean that 
the material would have to survive at temperatures in excess of 900°C in a hydrogen 
environment, but also be able to be removed without ever exceeding 1000°C.  In 
principal, one could etch selected wires out after brazing, be we decided to pursue a 
different tack.  In an effort to create microscale lattice materials that have higher 
permeability than materials that could be woven, we decided to use silver-copper eutectic 
brazing wires as fugitive wire in our copper woven materials.  This fugitive wire is not 
only removable to open larger flow channels, but the melting of the fugitive wires will 
also serve to bond the weave together to form a microlattice. 
 Materials were woven by Dr. Keith Sharp at SAERTEX in this fugitive 
architecture using our design that incorporated 250 m diameter wires that are made of 
the same silver-copper eutectic brazing material that we currently employ to braze the 
copper weaves.  The optimized pattern was modified to use fugitive wires in all of the fill 
positions in the middle 4 fill layers of the pattern.  According to initial modeling, this 
design would increase the permeability another 120%, while only decreasing the shear 
stiffness by 15% as compared to the optimized structure.  A model of the fugitive wire 
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weaving pattern in both orientations as well as mounted and polished cross-sections of 
the as-woven material (courtesy of Dr. Yong Zhang) are displayed in Figure 37. 
 
 
Figure 37: Modeled images of the fill/z and the warp/z planes of the fugitive wire weaves.  The silver-
copper eutectic braze wires are as open circles and rectangles in the model and can be seen in silver in 





 The fact that the brazing wire is used to support the structure before bonding 
creates some difficulties in processing the material.  Once the braze melts (which occurs 
at 780°C) the fugitive wires can no longer serve to support the structure.  Also at these 
temperatures the copper wires are very soft and can easily sag.  In order to process these 
materials, a strategy must be employed which allows the structure to retain its geometry, 
while also bonding the material together to form a microlattice.   
 In initial experiments, we processed the material with the same method as was 
previously used to make microlattice materials.  Heating the material at 900°C resulted in 
the generation of microlattice materials, however, some of the pairs of copper wires 
moved from their intended positions due to capillary action pulling wires towards 
neighboring wires, which can be seen in Figure 38.  This is not ideal and we would like to 
maintain the wire position before and after brazing.   
 Additionally, the material also possessed a curvature in the warp-fill plane that 
disappeared after brazing.  The natural curvature in the as-woven material can be clearly 
seen in Figure 39.  This curvature is not desired in the brazed materials, because it makes 











Figure 39: Images of the as-woven material with silver-copper eutectic wires (shown in silver) replacing 
some of the copper ‘fill’ wires in the middle layers of the weave.  Note the natural curvature of the weave in 




In order to overcome the issues of wire movement, sections of the material were cut and 
oriented with the warp direction oriented vertically to avoid the influence of gravity.  In 
this orientation, the wires are supported by wire to wire contacts in the vertical direction 
(warp/z contacts) which helps to maintain the structure.  This is a feasible solution to 
maintain the architecture of the material during the brazing process, however, the natural 
curvature along the fill direction of the warp/fill plane is not relaxed.  Therefore, in order 
to flatten the samples before brazing, the samples were annealed at 650°C for 3 hours 
under a 95% N2 /5% H2 atmosphere (shown in Figure 40).  This temperature and duration 
was determined empirically after annealing several sections of the material.    
 
 
Figure 40: Images of three samples of the fugitive wire material before and after annealing at 650°C for 3 
hours.  The pronounced curvature of the as-woven material is relaxed after the annealing process which 




After annealing, the samples were then rotated so that the warp direction was then 
oriented vertically to ensure continuous wire to wire contact in the vertical direction even 




Figure 41: An image of a sample after annealing and before brazing with the warp direction of the 
material oriented vertically.  Supporting materials are alumina and the thermocouple that is used to record 
the processing cycle temperature is shown in front of the sample.  
 
 During brazing the sample was once again supported on alumina substrates inside 
a quartz chamber that was evacuated and backfilled with a 95%/5% N2/H2 gas mixture at 
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1 psig.  The sample was heated to 780°C and held at that temperature for 1 minute in 
order to ensure uniformity of the sample temperature and even brazing.  The sample was 
then rapidly cooled back to room temperature before being returned to normal 
atmosphere.  Some samples were also directly brazed after being mechanically flattened 
by hand.  This eliminated the annealing step, but there were concerns that the architecture 
of the material was affected by this bending process, because more twisted wire pairs 
were observed in the mechanically flattened samples (Figure 42) than in the annealed 
samples (Figure 43) after brazing. 
 After brazing, the microlattices were cut into 16x16x3mm samples for 
permeability and shear stiffness using wire EDM in order to prevent damage.  The cut 
faces were hand polished to 1200 grit finish in order to remove the EDM recast layer and 
to examine the microarchitecture of the material.  Images of the material after brazing are 
shown in Figures 42-43.  Cross sections of the material that was bent flat before brazing 
as well as the material that was annealed and then brazed are shown. 
 Comparing the annealed fugitive wire sample directly to the predicted architecture 
(Figure 44), shows that this process is capable of making bonded, microlattice, fugitive 
wire structures that are less dense and more permeable than structures than can be 
directly woven.  These materials were further analyzed by Dr. Amanda Levinson and Dr. 
Richard Fonda at the Naval Research Lab using x-ray microtomography.  A 
reconstruction of the annealed fugitive wire sample after brazing is shown in Figure 45.  
The results of the tomography confirmed that the annealed samples exhibited the desired 
fugitive architecture.  Discussions of the mechanical properties and the permeability of 




Figure 42: Images of the material after brazing at 780°C, cutting, and polishing.  The images show all four 
faces of the warp/z or fill/z plane of the material.  The sample was annealed at 650°C for 3 hours and 
brazedat 780°C for 1 minutes.  It appears to maintain the as-woven architecture after the braze wires were 





Figure 43: Images of the material after brazing at 780°C, cutting, and polishing.  The images show all four 
faces of the warp/z or fill/z plane of the material.  The sample flattened by bending by hand and brazed at 
780°C for 1 minute.  The sample on the shows evidence of braze clumping in the sample which indicates 






Figure 44: Modeled images of the fill/z and the warp/z planes of the fugitive wire weaves after brazing.  
The silver-copper eutectic braze have melted and migrate to the junction in the material to bond it together.  
The real material (shown on the right) was annealed at 650°C for 3 hours and then oriented with the warp 







Figure 45: X-ray microtomography reconstructions of the annealed and brazed fugitive wires microlattice 
material.  The sample was annealed at 650°C for 3 hours and then oriented with the warp direction 
vertical for brazing at 780°C for 1 minute under a 95% N2/ 5% H2 atmosphere.  (Courtesy of NRL). 
 
 
3.2.4: Brazing of NiCr Weaves 
 
 The above work has focused on the brazing of 3D woven OFHC copper 
microlattice materials.  Preliminary work was also performed to braze the Chromel-A 
woven structures as well.  Since the Cr2O3 surface oxide cannot be reduced by heating in 
a hydrogen environment, and chemical fluxing agents wanted to be avoided, a brazing 
102 
 
alloy was selected that would be able to successfully wet the surface of the NiCr wire 
without the need for a chemical fluxing agent.  A single layer NiCr sample was prepared 
and sandwiched between 6 foils (~25% mass gain) of Nicrobraz brazing alloy.  The 
sample was then heated to 1075°C for 5 minutes under a 98% N2 / 2% H2 atmosphere.  
After brazing, the sample was EDM cut to 16 mm x 16 mm and polished to 1200 grit by 
hand.  The cross-sections of the material after brazing is shown in Figure 46. 
 
  
Figure 46: Warp/z plane of  the brazed NiCr weave after brazing with 6 foils(~25% mass gain) of 
Nicrobraz at 1075°C.  It appears that this alloy is able to penetrate the weave and preferentially bond the 
structure together, however, it does not appear to have to same uniformity of selectivity as the brazing alloy 
with the copper weaves. 
 
 This initial work on brazing the NiCr weaves shows that brazing is an option for 
preferential bonding of the NiCr weaves. The braze appears to successfully bond the 
weave together, but the alloy does not seem to wet the surface as well and the braze 
appears to clump in the junctions more than with the silver-copper alloy on the copper 
weaves.  Fine tuning of the processing parameters and the brazing alloy should be 
performed and confirmed in combination with imaging, mechanical, and permeability 
testing. 
 Although brazing is the primary method for bonding the 3D woven copper 
structures, the necessary work to develop an appropriate brazing process for the NiCr 
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weaves is still in its infancy.  This is a result of the fact that other bonding techniques 
were developed for the NiCr weaves which are the topics of the other sections in this 
chapter. 
 
3.3: Vapor Phase and Transient Liquid Phase Processing 
 
 In order to make 3D woven metallic microlattice materials for high temperature 
applications, Chromel-A wires were woven.  Chormel-A alloys are capable of use in air 
at temperatures up to 1200°C, although they often become brittle at these temperatures.  
Brazing was used to initially bond wires together (as discussed above), however, the 
addition of brazing material lowers the maximum use temperature of the microlattice 
material.  Also, many of the brazing alloys also form brittle intermetallics that may also 
negatively affect the properties of the microlattice materials. 
Previous work in the areas of MEMS [72] and periodic cellular materials [73] 
have shown that the properties of these materials can be drastically improved through use 
of a pack aluminization processing.  In both of these examples, Ni-based materials (non-
superalloys) were formed using conventional processing techniques.  After the materials 
were formed into their desired shape (through LIGA-Ni processing or conventional sheet 
and tube drawing and forming), they were then pack aluminized to build up a Ni-Al 
surface coating.  The material was then homogenized at high temperatures in order to 
diffuse the aluminum into the structure.  Since both of these examples were for materials 
where the maximum thickness was less than 1 mm, the aluminum is able to diffuse 
through the full thickness of the material.  The materials were then heat treated in order to 
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bring out the superalloy γ-γ’ microstructure, which improves the overall high temperature 
properties of the material (particularly creep resistance).  This allows for the creation of 
superalloy materials and structures with small dimensions that would be prohibitively 
difficult or expensive to manufacture with conventional rolling, shaping, or forming 
techniques due to the low ductility and high strength of superalloy materials. 
 As a result of the many advantages (creep resistance) of the material that results 
from this processing technique, our collaborators at Northwestern University pursued 
bonding and alloy modification of the NiCr weaves through vapor phase aluminization 
and transient liquid phase bonding.  In this manner, they are able to form 3D woven, 
bonded, super alloy microlattice structures.  A short summary of their work is included in 
this thesis for completeness.   
 
3.3.1: Vapor Phase Aluminization 
 
 
Chemical vapor deposition/pack aluminization process was selected for use in the 
formation of 3D woven NiCr microlattice materials.  This technique can in principle be 
used to turn the NiCr woven lattice materials into a Ni-Cr-Al superalloy microlattice 
structure since, the diameter of the wire is sufficiently small (202 m).  Additionally, the 
aluminization process is very conformal, so the deposition of aluminum at near wire to 
wire junctions should also be possible.  After homogenization, the wire junctions possess 
the same Ni-Cr-Al composition as the rest of the structure, and then the γ-γ’ 
microstructure can be precipitated out during further heat treatment.   
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This portion of the project is being performed at Northwest University, and details 
of the processing can be found in the literature [74,75].  A brief summary is included here 
because it does highlight a method that would allow for the development of 3D woven 
Ni-based superalloy microlattice materials that could be useful for high temperature 
multifunctional applications.  Due to the high strength and low ductility of these Ni-based 
alloys, procuring small diameters of wire and weaving them would be prohibitively 
difficult and expensive.  Moreover, vapor phase processing can in principle also be used 
to bond wire nodes within the structure since the wires swell with the addition of the Al.  
Unfortunately, this bonding process is highly dependent on wire spacing, since it bonds 
adjacent wires by growing one wire into the other.  Current work has only been able to 
achieve ~50% bonding efficiency [74].   
 
3.3.2: Transient Liquid Phase Processing (TLP) 
 
 
 As discussed in the previous section, the vapor phase aluminization process is 
capable of successfully depositing aluminum onto the surface of the NiCr woven 
structures and has the ability to bond touching wires together.  The main drawback of this 
process is that the bonding efficiency of the aluminization process is negatively affected 
by the gaps that are present in the material as a result of the weaving process.  In order to 
overcome the difficulty of bonding these weaves with their inherent spacing, transient 
liquid phase (TLP) bonding was used.  In this process, the addition of elements that form 
a deep eutectic with the base material forms a phase that is temporarily liquid (as its 
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composition changes through the eutectic), which can bond the structure.  As a result, 
vapor phase elemental addition was combined with transient liquid phase (TLP) 
processing in order to overcome some of the drawbacks of the vapor phase aluminization 
process, while simultaneously increasing the number of elements in the superalloy, and 
expanding the available types of materials that could be processed in this way.   
TLP processing has been shown in the literature as a method to make foams [76] 
and other porous structures [77]  in NiTi-Nb hyperelastic alloys.  As a result of their 
biocompatibility, they are frequently examined for biomedical applications such as 
scaffolds.  Additionally, the starting powders and processing methods allow for fine 
tuning of the final composition and properties.  In previous work, the NiTi-Nb eutectic is 
used in order to melt, and densify powders of the material.  In this work, we also chose to 
use a deep eutectic alloy to coat, melt, and bond the wires together.   
For the NiCr weaves, the wires were alumino-titanized through a vapor phase 
processing method that is analogous to the vapor phase process that was previously 
described.  After the vapor phase processing, the material was then heated to the point at 
which the eutectic composition melted locally at the surface.  In a manner analogous to 
the brazing process described earlier, the liquid metal than serves to preferentially bond 
neighboring wires together through capillary action.  This method is able to bond wires 
together that possess larger gap spacing than the aluminization process that was described 
previously.  Analysis by Richard Fonda, Amanda Levinson, and David Rowenhorst at 
NRL showed that the bonding efficiency reached efficiencies as high as 90%, but that 
bonding of the material depending on the type of bond that was being formed (warp/fill, 
fill/z, and warp/z).  As the liquid bonds the wires together, it also alloys with the 
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neighboring wire material and forms an alloy with a higher melting temperature which 
solidifies the material.  This structure can also be homogenized and solution treated to 
form the γ-γ’ superalloy microstructure.  
 
 
3.4: Additional Post-Weaving Processing Techniques 
 
Other post-weaving techniques were also used in this project in order to bond and 
modify the 3D woven metallic microlattice materials.  These techniques served to 
provide alternate methods to bond the materials together in a preferential manner, or to 
modify the surface of the wire to improve the overall characteristics of the material.  In 
short, these other techniques open the door to a more broad range of possible properties 




 Electroplating of the copper wires with pure copper was perused by Longyu Zhao 
as a way to preferentially bond the wires together.  The technique is based on the fact that 
electroplating of the wires is a rather conformal process and that as the wires were 
electroplated, they would grow into one another.  This process was unfortunately limited 
by the wire spacing in the weaves in the same way that the vapor phase aluminization 
process was also limited by the gaps that are inherent in the weaving process.  This 
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technique, however, did serve as a method that may be later used to roughen the surface 
of the wires.  This gives us the opportunity to tune the friction characteristics of the wires, 
which are possibly important for damping applications.  Additionally, this technique can 
be used to increase the surface area of the weaves if they are to be used as a chemical 




Another technique that was also examined in this work is nitrocarburization of the 
surface of the wire, which was done by Dr. Arthur Heuer and Dr. Hal Kahn at Case 
Western Reserve University.  This process is a vapor phase process that is able to 
uniformly coat the surface of the wire.  It is known to greatly increase corrosion 
resistance, improve hardness (and subsequently the wear characteristics), and to modify 
the surface friction [78].  This process is done at low temperature and does not bond the 
material together and it is designed for use on Ni-based alloys including the superalloy 
structures described above.  The increased corrosion and wear resistance would allow for 
3D woven microlattice structures to be used in demanding and highly corrosive 
environments.  Modification of the surface and its coefficient of friction also provides 
another parameter which may be tuned after the material is already woven.   This 
property in particular may allow for the tuning of the frictional damping properties of 
these microarchitectured materials for a variety of applications while simultaneously 





Overall, 3D weaving of metallic wires using the 3WEAVE
®
 process has allowed 
for the creation of metallic microlattices with well-defined 3D architectures, in a variety 
of materials, with a process that is scalable and flexible.  Through the use of a variety of 
bonding techniques it has been shown that selective bonding of these structures is 
possible, which leads to the manufacturing of mechanically stiff and strong materials.  As 
a result, these materials can be viable candidates for multifunctional applications.  
Through the use of more advanced post-weaving techniques, the architecture, 
composition, tribology, and various other properties can be controlled.  These are a few 
examples of the many design possibilities that are available to tune these 3D woven 




Chapter 4: Properties of Metallic Lattices 
  
Although Chapter 5 will focus on the damping properties of out metallic lattices 
(which was a major focus of my research), a true advantage of these 3D woven metallic 
lattice materials are their multifunctionality.  This chapter is intended to provide a 
broader view of the properties of 3D woven lattice materials that have been bonded 
together (predominantly through brazing). My role in the collaborative project has 
focused on the development of brazing protocols and measurements, but I have also 
manufactured the majority of the samples that were used to measure mechanical and 
thermal properties, and a summary of that collaborative work is included for 
completeness.  An examination of the shear stiffness and permeability, for which the 
material was initially optimized, and the thermal properties of multilayer woven 
structures, both alone and combined with novel header designs, are discussed in this 
chapter. 
 
4.1: Stiffness and Permeability 
 
4.1.1: Shear Stiffness 
 
 In-plane shear stiffness measurements were used to empirically optimize the 
brazing process that was discussed in Chapter 3.  The majority of the mechanical testing 
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performed in this subsection was carried out by Dr. Yong Zhang, but I prepared the 
lattice materials through brazing and EDM cutting to the appropriate size, and helped in 
developing preparation and testing protocols.  In order to confirm the appropriate amount 
of braze, samples were prepared using different amounts of braze (~5-30% mass gain of 
braze over the mass of the original weave), for both the standard and optimized pattern 
weaves in woven OFHC copper.  After brazing, samples were then cut into 16 mm 
(warp) x16 mm (fill) x 3mm (z) square panels using wire EDM.  The cut faces of the 
sample were then polished by hand to a minimum of 1200 grit. 
 The samples were tested using a micromechanical testing system with a rigid 
frame and grips that placed the sample in shear.  An image of a sample mounted in the 
shear loading grips is shown in Figure 47.  Samples were potted in the grips using Loctite 
fast drying, high strength adhesive.  The grip on the left side of the image is bolted to the 
frame of the mechanical testing machine.  The grip on the right side of the frame is 
moved by a high precision actuator.  That grip is supported in an air bearing for near 
frictionless linear movement.  The Futek 100 N load cell is situated between the air 
bearing and the actuator, to measure the load applied to the sample in real time.  
Sequential images of the sample were captured every second by means of a 6 Megapixel 
Pixelink camera and Digitial Image Correlation (DIC) was used to calculate the 
displacement of the wires in the images.  The output from the load cell and the DIC were 
then used to calculate the shear stress and shear strain behavior of the material.  
Unloading curves during the test were used to measure the shear stiffness of the material.  
The measurements of the shear stiffness of the brazed standard and optimized Cu weaves 




Figure 47: Micromechanical sample tester configured for measuring the in-plane shear properties of 
16mm x16 mm x 3 mm 3D woven microlattice materials.  The sample is potted into the grips in the top and 
bottom of the image.  The left grip is bolted to the frame and the left grip is pulled to the right by means of 
an actuator.  The right side of the grip is supported in an air bearing and the load is measured on that side 
via a load cell.  The strain of the sample is measured using DIC. 
 
The measurements of the shear stiffness of the weaves with various amounts of 
braze show that as more braze is added, the shear stiffness of the weaves continues to 
increase (except for the second data point in the standard weave which decreases a small 
amount compared to the other sample with less braze).  If we examine the standard 
architecture weaves, we can see that there is a large increase in the shear modulus from 
the first two samples with the smallest mass gains to the samples with the two highest 
mass gains.  The sharp increase in shear modulus indicates that the brazing is bonding the 
wires together and efficiently increasing the shear modulus.  In the two samples with the 
largest mass gain, there is a small increase in shear modulus as more braze is added.  This 
113 
 
indicates that the ideal amount of braze is likely in the mid 20% range, where the increase 
in the amount of braze drastically increases the stiffness of the material.  Unfortunately, 
only two measurements of the shear modulus of the optimized weaves were carried out, 
and there is insufficient data to provide similar indications of the ideal mass gain.  
Therefore, this data must be used in combination with the other results that were already 
shown and the permeability measurements which are shown in the next section. 
 
 
Figure 48: Measurements of the shear modulus of the standard and optimized architecture Cu weaves after 
brazing with various amounts of braze.  The ideal mass gain is highlighted in blue and is centered around 





4.1.2: Fluid Permeability 
 
The shear stiffness measurements were complemented by measurements of the 
fluid permeability of the woven material.  The measurements of these materials were 
performed by Longyu Zhao, but I brazed and cut the samples to the appropriate size and 
hand polished the faces of the sample to prepare them for testing.  The working fluid that 
was used for the testing was polyethylene glycol (PEG) as a result of its high viscosity, 
which increased the resolution of the pressure measurements.  The samples were sealed 
into the fixture using soft polymer foam in order to ensure that the fluid traveled through 
the sample and not through the space between the sample and the wall of the fixture.  An 
image of the sample in the fixture is shown is Figure 49.   
 
 
Figure 49:  The permeability testing fixture is shown on the left after it was assembled and ready for fluid 
permeability testing.  The image on the right shows a woven copper sample surrounded by sections of low 
density foam before being mounted in the fixture.   
 
After the sample was loaded into the fixture, the cross-sectional area was measured using 
an optical microscope.  The fixture was then assembled and the differential pressure 
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across the sample and flow rate were varied and measured for each test.  The 
permeability was calculated in the laminar flow regime.  The permeability measurements 
of the standard and optimized architecture brazed Cu weaves with various amounts of 
braze are shown in Figure 50. 
 
 
Figure 50: Measurements of the shear modulus of the standard and optimized architecture Cu weaves after 
brazing with various amounts of braze.  The ideal mass gain is highlighted in blue and is centered around 
25% mass gain.   
 
The results of both the in-plane shear testing and the permeability testing of the 
standard and optimized brazed copper weaves for samples that were brazed with various 
amounts of braze, in addition to the brazed fugitive wire weaves are summarized in Table 




Table 10: Summary of the shear stiffness and permeability measurements of the 
standard, optimized, fugitive brazed copper samples 
 
 
The shear stiffness and permeability measurements show that for the standard 
structure a mass gain in the mid 20% range maximizes the shear stiffness and minimizes 
the decrease in permeability in the brazed structure.  The results from the optimized 
structure showed that a similar percent increase in mass gain also resulted in an ideal 
amount of braze in order to maximize the shear stiffness and minimize the decrease in 
permeability.  This is in agreement with the analytical predictions of the amount of braze 
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needed to fully bond the weaves and previous cross-sections of the material, which 
showed that the large channels in the material begin to fill in with braze after the smaller 
pores and cavities formed between tangential wires are filled with braze.  From the cross-
sectional images, 3D reconstructions, and the stiffness and permeability data, it appears 
that this occurs when we add more than 30% or more braze by mass.  Additionally, the 
greatest gains in shear stiffness are the results of bonding of the tangential wires.  Adding 
more braze fills in the channels of the material, but it only moderately increases the shear 
stiffness of the materials.  As a result, filling in the channels results in a small increases in 
the shear stiffness of the material over the properly bonded cases [50,51].   
 The measurements of the fugitive wire samples shows that the concept of fugitive 
wires makes samples that are almost twice as permeable as the optimized structure, with 
a minor decrease in shear stiffness, with the further addition of braze.  This may serve as 
a guide for further studies where more possible 3D woven microarchitectured material 
designs may be explored. 
 
 
4.2: Thermal Transport of Cu Lattice Materials 
 
As a result of the high thermal conductivity and surface area of the 3D woven 
microlattice copper materials, the thermal transport properties of these weaves and their 
applications as a thermal cooling device is of interest.  A geometry of 25.4 mm x 25.4 
mm x 76.2 mm was initially defined as a starting point for a heat transfer device with 
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applications for the cooling of laser diodes [70].  For these types of applications, a high 
heat transfer coefficient is important in defining the performance of a cooling device.  
Additionally, since the output wavelength of a laser diode is sensitive to the operational 
temperature, the device must exhibit high thermal performance without substantial 
temperature gradients (usually  1°C), a low pressure drop across the material (less than 
1 psi), and requiring a low flow rate (1-10 L/min). 
 The testing of the thermal characteristics of these materials was performed mostly 
by Longyu Zhao, but I fabricated the multilayer lattice blocks both with and without 
facesheets, and fabricated the header structures that were coupled with the weave using 
both copper and ABS plastic.  A testing fixture was designed that allowed heat to be 
applied to one of the 25.4 mm x 76.2 mm warp/fill faces of the sample by means of a 
kapton resistance heater.  The fixture allowed for fluid to flow in a variety of orientations 
through the remaining five faces of the sample.  
 
4.2.1: Serial and Bifurcated Flow: 
 
The two primary flow patterns that were examined were ‘serial’ flow, in which 
the fluid flowed down the 76.2 mm warp direction of the material with the inlet being the 
two smaller 25.4 mm x 25.4 mm fill/z faces of the sample.  In the alternate ‘bifurcated’ 
flow pattern, fluid enters the samples through the 76.2 mm x 25.4 mm warp/fill face that 
is opposite the heated surface.  The fluid then exits the sample through both 25.4 mm x 
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25.4 mm fill/z faces of the material.  An image of the fixture that was used to measure the 
samples is shown in Figure 51. 
 
Figure 51:  The heat transfer measurement fixture shown in two configurations.  The image on the left 
shows the system arranged for serial flow and the bottom right image shows the system setup to measure 
bifurcated flow.  The image in the upper right corner shows the kapton heater and the associated 
thermocouple that measure the surface temperature during a test. (Image courtesy of Longyu Zhao) 
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4.2.2: Impinging Flow with Weaves and Headers 
 
 A third flow pattern was also defined for the weaves and is referred to as the 
‘distributed’ flow pattern.  The intention was to increase the heat transfer coefficient and 
to decrease the thermal gradients across our copper weaves through the use of an 
impinging distributed flow design.  This design was developed to take advantage of the 
unique properties of our copper woven micro lattices.  In order to possess high heat 
transfer coefficients with low thermal gradients (which are properties that are frequently 
at odds in conventional heat transfer devices), we determined as a result of modeling and 
the experiments with the other two flow patterns, that it is important to put the impinging 
cold water as close as possible to the hot material in order to maximize the amount of 
heat that is transferred from the heat source to the working fluid.  In order to put the cold 
incoming fluid as close as possible to the heat source, we decided to decrease the sample 
dimensions perpendicular to our heat source (fill direction) and to use an impinging flow 
design where fluid flows towards the heated surface (through the fill direction) and exits 
the system by flowing along the heated surface (along the warp direction) and out the 
sides (the fill/z plane).  Through experiments in which fluid passed through the warp 
direction (linear flow), we found that the efficiency of the heat transfer decreases down 
the flow direction since the average temperature of the fluid increases down the length of 
the flow direction.  The temperature difference between the device and the fluid becomes 
smaller as the fluid temperature rises because the convective transfer decreases.  This 
decrease in convective efficiency leads to an increases in the thermal gradient from the 
inlet to the outlet of the device.  In order to concentrate the flow near the hot surface, and 
to minimize the thermal gradient along the device, we developed a header to provide 
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distributed local flow of cold water into our lattices while making use of our current heat 
transfer measurement equipment for testing impinging flow in 25.4 mm x 25.4 mm x 
76.2 mm samples. 
 Multiple designs were developed to control the fluid.  We designed the system to 
be easily and quickly fabricated, to provide the maximum amount of cold water as close 
to the heated surface, to minimize thermal gradients across the heated surface in both in-
plane directions, and to meet the dimensions that could be tested within our current 
testing fixture.  A 3-D rendering of our selected design in shown in Figure 52. 
In the selected design, a 1”x 3” wall of cold water impinges on the upper plate of 
the tube structure.  Water is then distributed into the array of 3/16” tubes.  Fluid that 
travels through the tubes impinges on the layer of copper weave that is brazed to the 
heated lower copper plate.  Fluid then absorbs heat as it passes through the weave and 
exits through the smaller 1/8” holes in the lower plate into the central chamber between 
the upper and lower plate.  The hot water then exits out the sides of the device.  A 





Figure 52: A 3D rendering of our Distributed impinging flow (DIF) heat transfer device with a single 1/8” thick layer of woven copper material.  Cold water 
enters the system through the series of holes in the upper plate and flows thorough tubes in the structure (which is shown in Cu, but was also made in ABS 
plastic).  Cold water than enters the copper woven material and absorbs heat as it flows to the exit holes in the lower plate.  Fluid that leaves the weave though 





Figure 53: Top down view of the lower plate illustrating the path of water through the system.  Arrow color indicates relative temperature of the fluid with blue 
representing cold water and red representing hot water.  Cold water enters the weave through the larger holes in rows 1, 3, and 5, flows through the weave while 




In order to evaluate the role of sample thickness (perpendicular to the heated 
surface) while also aligning the samples in the best direction for flow, three samples 
thicknesses were examined: 12.7 mm, 6.4 mm, and 3.2 mm with the fill direction 
oriented perpendicular to the heated surface.  These samples required the attachment of 
20 gauge OHFC copper facesheets to better couple heat into the woven architecture and 
to compare with the previous results from the other flow patterns.  The details of the 
sample fabrication can be found in Chapter 3. 
In order to provide the impinging distributed flow for the fabricated woven 
structures, the JHU machine shop fabricated the upper and lower plates in 0.125” thick 
OFHC copper plate and counterbored all holes for the tubes 0.0625” deep into the inner 
surfaces of the plates.  In order to bond the tubes into the counterbores, individual foils of 
braze were cut from 0.0018” thick foils of silver-copper eutectic braze (Lucas-Milhaupt 
LM-721 VTG alloy) and were inserted into the counterbores followed by the copper 
tubes.  The assembled structure was than heated to 900°C under a 95% N2/5% H2 
forming gas atmosphere and held at that temperature for 5 minutes.  The structure was 
then cooled to room temperature under the forming gas atmosphere.  Images of one of the 
plates with the braze foil inserted into it before brazing, the sample in the furnace during 





Figure 54: Lower plate of the distributed impinging flow copper tube structure with the 0.0018” thick foils 
of silver-eutectic braze inserted into the counterbores. 
 
 
Figure 55: Image of the assembled OFHC copper distributed impinging flow tube structure during brazing 
at 900°C under a 95% N2 / 5% H2 atmosphere (left) and assembled after brazing on top of a 0.125” brazed 
copper sample (right). 
 
 In addition to manufacturing these headers in copper, I also manufactured the 
same tube geometry through 3-D printing of ABS plastic with a Stratasys Fortus 400mc.  
Machining, brazing, and polishing of the copper parts was both labor intensive and costly 
to produce.  In order to quickly and inexpensively produce many different header 
126 
 
geometries, 3D printing was used.  The 3D printing of these headers was accomplished in 
a usually 2 days or less, whereas the manufacturing of the copper header took several 
weeks.  After 3D printing parts were mechanical polished to 400 grit to remove printing 
marks on the top and bottom surface, cleaned with isopropyl alcohol, and chemically 
polished to ensure that they were water tight.  These parts were manufactured in three 
different heights (9.5 mm, 15.9 mm and 19.1 mm) to match the three different woven 
structure thicknesses while preserving the 25.4 mm x 25.4 mm x 76.2 mm geometry that 
the testing fixture was designed to accept.  These samples maintained the same hole 
diameters and spacing of the original copper design and changes in thickness were 
performed by changing the length of the tubes. 
 Due to the limited sizes that were readily available in OHFC copper, the initial 
copper structure was manufactured with inlet diameters that are larger than the outlet 
diameters.   Also, there were more inlets than outlets due to the initial geometry 
restrictions.  Initial modeling results indicated that matching the diameter of inlets and 
outlets would decrease pressure losses in the system without affecting the heat transfer 
properties. As a result of the ease and speed of manufacturing by 3-D printing, we 
manufactured not only the three structures that were based on the initial copper structure, 
but also three structures (in the same thicknesses) with the same inlet and outlet diameter 
as the original structure’s inlet diameter.  Images of the inlet of the 3-D printed structure, 
the outlet of the structure that matches the copper structure, the outlet of the structure 
with the same inlet and outlet diameter, and the six structures with their matching woven 




Figure 56: 3-D printed ABS plastic distributed impinging flow structure (0.75” tall) showing the inlet side 
of the device.  The inlet side of the device looks identical for Header Design #1 and #2 of the 3D printed 
header strucutres since the size and the arrangement of the holes was fixed. 
 
 
Figure 57: 3-D printed ABS plastic distributed impinging flow structure (0.75” tall) showing the outlet side 





Figure 58: 3-D printed ABS plastic distributed impinging flow structure (0.75” tall) showing the outlet side 
of the device where the inlet and outlet diameter are the same as the inlet diameter of the previous device.  




Figure 59: 3-D Printed ABS plastic distributed impinging flow structures of various heights on top of their 




Two other designs were also developed in order to provide enough data to 
properly verify our modeling and provide the opportunity to further optimize the designs.  
Header Design #3 matched the total inlet and outlet area.  The center locations of the inlet 
and outlet holes were not changed from the two previous designs, but in this case the inlet 
diameter was decreased to 1/8” to ensure that there would be sufficient web thickness 
with the increased outlet diameters.  The outlet diameter was changed to 5/32” so that the 
overall area was as close as possible (to the nearest 1/64”).  The top and bottom of one of 
the printed structures is shown in the Figure 60.  
Design #4 was made to test the effects of rotating the inlets and outlets by 45° 
about the z-axis in relation to the weave.  Due to the current width limitations of the 
weave, we were unable to fabricate sections of the weave that were orientated at 45° so 
we elected to modify the design of the plastic distributed impinging flow structure.  The 
design used inlets and outlets that were the same size (1/8”) in diameter and as a result of 
the rotation the in plane spacing of the tubes changed (by a factor of √2 since it is a 
diagonal of the previous square arrangement).  In order to maintain the 1”x3” footprint of 
the structure one row was lost from the pattern.  Subsequently though, the inlet and outlet 
diameter and total area are equal in this design.  The top and bottom of one of the printed 
structures is shown in Figure 61.   
These different structures were likewise printed in the same three thicknesses and 





Figure 60: 3-D printed ABS plastic distributed impinging flow structure (Design #3) where the total inlet and outlet area was matched.  The upper inlet surface 




Figure 61: 3-D printed ABS plastic distributed impinging flow structure (Design #4) where the pattern used previously was rotated 45° and the inlet and outlet 
diameter and total area were matched.  The upper inlet surface is shown in the upper part of the image and the bottom surface of the structure is shown in the 




Figure 62: The three different thicknesses (0.375”, 0.625”, and 0.75”) for each of the new patterns.  Design #3 is shown on the left and Design #4 is shown on 




For each test, the differential pressure, flow rate, inlet and outlet fluid 
temperatures, and the temperature profile of the heated surface of the sample were 
measured.  These values were used to calculate the Nusselt and Reynolds[79] number for 
our materials for the different flow orientations.  The Nusselt number is a dimensionless 






where, h is the convective heat transfer coefficient, L is the thickness of the woven 
structure (25.4 mm in our case), and kf is the conductivity of the liquid.  The Reynolds 
number is another dimensionless parameter that is defined as the ratio of inertial to 
viscous forces in a moving fluid.  As a result it can be used to indicate the onset of 
turbulent flow and more generally can be used to examine the flow rates of a fluid.  The 





where,  is the density of the fluid, v is the average velocity of the fluid, L is the thickness 
of the woven structure, and  is the dynamic viscosity. 
 The calculations of the Nusselt and Reynolds numbers for our 25.4 mm x 25.4 
mm x 76.2 mm woven microlattice materials in the axial and bifurcated flow patterns 
were calculated for a series of flow rates and the results of these measurements by 
Longyu Zhao are found in Figure 63.   The measurements of the distributed flow pattern 
(header and weave) was measured for the ABS Design #1 header (0.75” thick) combined 
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with the 0.125” thick optimized copper weave.  Measurements of the other copper and 
ABS header and weave samples are currently in progress.  
Overall, the 3D woven microlattice structures exhibit greater heat transfer abilities 
(larger Nusselt number) than fins and foams for similar flows.  Additionally, the uniform 
surface temperature of the axial and bifurcated flow make these attractive for applications 
that require uniform cooling.  The distributed flow designs appear to also outperform the 
bifurcated flow designs since the thickness of the material has been tuned for increased 
performance for our application.  These thermal properties, combined with the strength 
and damping properties, make these 3D woven metallic microlattices a material with 






Figure 63:  A plot of the Nusselt number, which is a dimensionless parameter that described the convective 
heat transfer, and Reynolds number, which is a dimensionless parameter that describes the flow rate, for 
the 3D woven lattices for the 3 different flow patterns: axial (flow along the warp direction of the material), 
bifurcated (flow in through the fill direction and out through the z-fill plane), and distributed (flow through 
the header structures into the weaves and out through the sides of the header).  These values are compared 
with mini fins,  Al foams, and an empty channel, which are other common heat transfer devices for similar 




Chapter 5: Damping Properties 
 
Damping of vibrations in high speed rotary devices, such as turbines, is an area of 
great interest, because mitigation of these vibrations leads to longer life and fewer fatigue 
failures [80].  Dissipation of vibrations that are present during dynamic loading  has been 
examined by others and can be found in the literature [81–83], and polymers are 
commonly used to dampen vibrations. Polymeric materials have high loss factors, but 
they are limited in their applicability as a result of their low operating temperatures since 
many vibration reduction environments, such as turbines, would subject these materials 
to high temperatures.  The use of fluid dampers, another common vibration mitigation 
option, is also limited in their ability (due to degradation or evaporation of the fluid) to 
fulfill these high temperature damping needs.  Therefore, a vibration reduction solution 
that does not rely on fluids or polymers would be of great interest for a large number of 
high speed machinery applications. 
There have been a few reports in the literature of solutions that were developed 
for high temperature oil free vibration reduction applications that did not make use of 
polymeric materials.  In one, a randomly oriented metallic wire mesh was compressed 
and used as a bearing damper in the space shuttle main engine high-pressure fuel turbo 
pump [84].  Rotodynamic instability of the rocket engine turbopump was manifested as a 
damaging subsynchronous whirling motion, and the knitted wire mesh was shown to 
improve the stability of the turbopump, which was quantified as a reduction in the 
reaction forces at the supports of the pump [84].  In another example, General Electric 
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(GE) developed oil-free dampers for applications in turbomachinery [85,86] through the 
use of a knitted mesh of interlocking loops of copper wires.  This wire mesh was 
compressed into a toroidal shape with 25% mesh density and was employed as a bearing 
support damper.  The resulting damping properties of the component depended on the 
excitation frequency, which limited the overall translation of the part to other 
applications. 
 In this dissertation, I measured and studied the damping properties of 3D woven 
metallic lattice materials subjected to sinusoidal loading in the frequency range of 1 to 
200 Hz.  The damping properties of these lattice materials were measured for both as-
woven and bonded lattices.  The results were quantified using the loss factor, , since it is 
the most comprehensive way to quantify the energy dissipation (damping) capabilities of 
a material or system [87].  Examination of the resulting behavior was further studied 
using high speed camera imaging and FEA modeling.   
Investigations into the damping properties of the weaves indicated that three 
mechanisms were responsible for the high measured damping values: (i) internal 
damping (the inherent damping of the material) of the individual wires contributes to the 
overall damping, but its contribution is small compared to the high measured loss factors 
in the weaves; (ii) frictional wire on wire sliding is another mechanism that transforms 
the kinetic energy of the applied vibrations into heat modeling and measurements 
together indicate that this mechanism appears to be a major contributor to the overall 
measured loss factor, since there are a large number of contact points in the weaves; (iii) 
modeling revealed that the weaves also possess an inertial damping mechanism as well.  
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Inertial damping is the result of individual wire segments in the weaves like a classic 
physics vibrating string.   
In order to evaluate the performance of these materials for use as a high 
temperature damping material, the loss factors of the NiCr weaves were measured in air 
at temperatures up to 300°C in the DMA and after exposure to temperatures as high as 
1200°C in a furnace.   Cu weaves were also measured after exposure to temperatures as 
high as 300°C in air and 925°C in a forming gas environment. The temperature exposure 
leads to a decrease in the measured loss factor in all of the materials.  The micro and 
macroscopic changes that occur upon temperature exposure were quantified using careful 
disassembly of the weave and optical analysis combined with modeling.  The 
measurements were then used to calculate changes in geometry and springback, which 
are believed to contribute to the change in damping performance.  The changes in the 
weaves with temperature exposure were examined in light of the changes that occur in 
the internal, inertial, and frictional damping mechanisms.  From the examination of the 
data, it appears that the changes with temperature that are observed have the greatest 
effect on the frictional damping mechanism, by changing the magnitude and distribution 
of forces in the weave.  Finally the high temperature damping properties of these 
materials are compared to other materials. 
 
5.1: Room Temperature Damping Properties 
 




The room temperature measurements of our 3D woven metallic microlattice 
materials are the focus of this section.  Samples for these dynamic tests were cut by wire 
EDM from bulk 3D weaves in order to ensure that the sides were straight and parallel in 
order to increase sample uniformity and to aid in repeatability of the measurements, in 
addition to minimizing the damage caused by the cutting process. The loading was 
performed in a single cantilever orientation in a TA Instruments Q800 Dynamic 
Mechanical Analyzer (DMA). The grips were tightened against the material by applying 
a 0.3 N-m torque to the bolt that pushes against the top edge of each grip.  This value was 
selected in order to securely mount the sample without deforming the sample underneath 
the clamp.  During a test, the samples were subjected to a sinusoidal oscillation with an 
amplitude of 20 m. The amplitude was chosen from initial quasi-static testing in the 
DMA to ensure that the testing was performed in the elastic regime and that internal wire 
stresses remained below the yield strength. An image of a NiCr sample in the single 
cantilever bending fixture of the DMA is shown in Figure 64.  The DMA applies a 
sinusoidal oscillation and the load is monitored during the oscillation.  The software in 
the DMA compares the phase delay, , between the maximum stress and strain in order to 
calculate the storage modulus (the stored elastic energy in the material during loading) 
,ks’, and the loss modulus (the energy that is dissipated during loading), ks”, for the tested 
sample at each applied frequency.  An illustration of a sinusoidal stress and strain 





Figure 64: A 15mm wide optimized pattern NiCr sample mounted in the TA Instruments Q800 DMA for 
dynamic testing.  The sample is in a single cantilever orientation where it is clamped in a fixed connection 
on the left edge and the right edge of the sample is clamped in an oscillating clamp that moves vertically up 
and down. 
 
Figure 65: An example of a time dependent sinusoidal stress and strain response for a material that 
exhibits damping.  The phase delay, , is measured as the delay between the maximum stress and maximum 





The ratio of the loss modulus to the storage modulus was employed in order to quantify 
the damping capabilities of the material at a given frequency. This ratio is equivalent to 
the tangent of the phase lag, , between the force and displacement oscillations in the 
idealized parallel spring and dashpot system as is shown in (see p.60 in [88]).  This value 
is referred to as the loss coefficient and it is described by the expression, 
 








where, is the force at the peak displacement (in-phase reaction), and  is the force 
at the zero displacement (out-of-phase reaction) [14,88,89].    
Each sample was tested in four different possible orientations by flipping and rotating 
the samples between tests to ensure repeatability, resulting in at least 40 measurements 
for each sample for each test.  An illustration of the relationship between the four discrete 











Figure 66: A summary of the four discrete sample orientations that were tested for each case and sample in 
the DMA and the relationship between the orientations.  The dot on the top surface of the sample is a 
fiducial marker to help the reader understand the change in orientation. 
  
   
The results of multiple samples (at least two for each case, but often more than two 
samples were tested) were compared and then averaged in order to arrive at a loss factor 
for a particular case.  No systematic frequency dependence was found in the loss 
coefficient of the unbonded materials.   
 Most samples tested in this work were 15 mm in width so that the test would 
sample the largest possible volume of material that could be tested in the DMA.  In order 
to ensure that the sample width did not influence the results, samples were prepared in 
two widths, 10 and 15 mm and they had a minimum length of 25 mm, which was 
determined by the spacing of the grips.  10 and 15 mm wide samples represent the 
practical testing limits for these materials.  The maximum width is determined by the 
maximum width of the grips and the minimum width is to ensure that the sample has 
sufficient integrity to remain intact during handling and testing.  An example of the loss 
factors for both 10 and 15 mm  wide standard architecture NiCr sample are shown in 





Figure 67:  Average of the DMA measurements of the standard architecture as-woven NiCr samples from 
1-200 Hz that were cut to a width of both 10 and 15 mm in order to evaluate the role of sample width.  It is 
clear from these measurements that there is no real measurable difference between the damping properties 
of the two different widths.  
 
Measurements of the average loss factor of both sample widths did not show any 
measureable difference, which indicates that the damping properties for these 
measurements are not sensitive to the sample width for this range of sizes.  The sample 
length had an unsupported length (measured as the inner dimension between the two 
clamps) of approximately 17.5 mm+/- 1 mm and differences in the length were accounted 
for in the system calibration that was performed before each test.  The remaining material 
was clamped underneath the grips of the DMA.   
Samples of both Cu and NiCr weaves were measured in their as-woven state for 
both the standard and optimized (optimized for permeability and shear stiffness, not 
















15 mm wide 10 mm wide
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to ensure that our single cantilever bending orientation was comparable to the literature 
values, a plate of copper was prepared with the same dimensions (3mm thick and 15 mm 
wide) as the woven samples.  All of these samples except for the copper plate were tested 
in at least four distinct orientations and multiple samples were tested for each 
architecture.  The individual measured loss factors for frequencies from 1-200Hz are 
shown in Figures 68-72.  The average loss factor (average of all data points for a 




























Figure 69: Room temperature DMA measurements of the loss factor of three as-woven 15 mm wide standard architecture Cu weaves from 1-200 Hz. Each 


























Figure 70: Room temperature DMA measurements of the loss factor of three as-woven 15 mm wide stiffness and permeability optimized architecture Cu weaves 


























Figure 71: Room temperature DMA measurements of the loss factor of six as-woven 15 mm wide standard architecture NiCr weaves from 1-200 Hz. Each 





























Figure 72: Room temperature DMA measurements of the loss factor of six as-woven 15 mm wide stiffness and permeability optimized architecture NiCr weaves 





























Figure 73: A plot of average mechanical loss coefficient from 1-200 Hz for the as-woven Cu and NiCr woven materials and a solid Cu plate of the same 





















 The measured values for the mechanical loss coefficient for the 3D woven 
materials are much greater than the values of the solid metallic materials from which they 
are made (internal damping) and they are comparable to many common polymers.  The 
measurements of the average loss coefficient of the OFHC copper plate had a value of 
0.03.  Asbhy reports a maximum loss factor for solid copper of 0.008, which is below the 
measurement capabilities of the technique.  Our measurements of the copper plate 
indicate that the damping of the solid copper is rather small, although they are not in 
exact agreement with the literature values (an average value of <0.01 was not measured).  
It is believed that the discrepancy is a result of the fact that the DMA is not designed to 
measure the damping properties of solid metallic materials with the substantial stiffness 
of copper, but for polymeric materials, which possess a significantly lower stiffness.  
Solid NiCr has a maximum loss factor of 0.002, but it was not measured due to 
difficulties in sourcing the appropriate NiCr material in plate form [90].   
 The mechanical properties (specifically shear stiffness) of these materials can be 
improved through the bonding processes discussed in the previous chapter, which would 
improve the multifunctional capabilities of these materials.  Copper samples were bonded 
by brazing using the optimal amount of braze (discussed previously) and NiCr samples 
were bonded by Northwestern University by vapor phase aluminization.  The 
measurements of the individual standard and permeability optimized brazed Cu and 
aluminized NiCr samples is shown in Figures 74-77, and the average mechanical loss 
factor of these bonded samples is shown in Figure 78, and the summary of all of the 
average room temperature measurements of loss factor and standard deviation for both 





Figure 74: Room temperature DMA measurements of the loss factor of two as-woven 15 mm wide standard architecture brazed Cu weaves from 1-200 Hz. Each 
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Figure 75: Room temperature DMA measurements of the loss factor of two as-woven 15 mm wide stiffness and permeability optimized architecture brazed Cu 
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Figure 76: Room temperature DMA measurements of the loss factor of an as-woven 15 mm wide standard architecture aluminized NiCr weave from 1-200 Hz. 























Figure 77: Room temperature DMA measurements of the loss factor of an as-woven 15 mm wide stiffness and permeability optimized architecture aluminized 























Figure 78: DMA measurements of the average mechanical loss coefficient for frequencies of 1–200Hz for fully bonded 3D woven lattice materials.  Copper 


























Copper Plate 0.03 0.01 
Standard Cu 0.24 0.09 
Optimized Cu 0.26 0.15 
Standard NiCr 0.18 0.10 
Optimized NiCr 0.19 0.07 
Standard Cu (Brazed) 0.06 0.05 
Optimized Cu (Brazed) 0.04 0.03 
Standard NiCr (Aluminized) 0.04 0.01 
Optimized NiCr (Aluminized) 0.02 0.01 
 
 
It is obvious that bonding results in a decrease in the mechanical loss coefficient of these 
materials.  It is reasonable to assume that bonding pins the wires at their junctions 
inhibiting frictional sliding, which is one of two dominant damping mechanisms in these 
materials.  The materials still exhibit damping that is higher that their solid parent 
materials, which implies that damping in these materials is attributed to mechanisms 
other than purely frictional sliding.  FE modeling results, conducted by Stefan 
Szyniszewski, suggests that an inertial damping also contributes to the damping in these 







5.1.2: Modeling of the Damping Properties of 3D Woven Metallic Weaves 
  
In order to develop a greater understanding of the mechanisms that lead to the 
high measured damping properties in these materials, a model of the 3D woven NiCr 
optimized pattern samples was made by Stefan Szyniszewski in LS-DYNA [91]. The 
modeled sample had dimensions of 10 x 17.5 mm (in order to mimic the DMA 
experiment) and it was generated with all wires explicitly included.  An image of the 
damping model that was used to simulate the dynamic mechanical properties of these 
materials is shown in Figure 79. 
As discussed in Chapter 3.1, optical examination of the as-woven samples 
revealed stochastically distributed gaps between the wires.  In order to evaluate the effect 
and importance of these gaps, a series of finite element models were created with discrete 
average gap spacing that would allow us to evaluate not only the importance of gaps, but 
also the role of different types and sizes of gaps.  The different types of gaps that were 
included in the model were: (i) a tightly-packed or zero-gap model where all wires are 
tangent and there are no unintended gaps between wire junctions; (ii) a model featuring 





Figure 79: LS-DYNA model by Stefan Szyniszewski of the as-woven 3D woven microlattice material.  The 
model was had a clamped boundary at one end and the other end of the material was subjected to an 
oscillation in order to mimic the DMA testing of the material.  Wire spacing and coefficient of friction were 
varied in order to evaluate their effects on the damping properties. 
 
between all wires in the warp and fill directions (no gaps in the z-direction) ; and (iii) a 
model where the measured average vertical gaps were also included was simulated.  The 
gaps in the model were assumed to be uniform although the distribution of gaps in the 
manufactured sample is stochastic, as discussed in [51] and previously in this work.  The 
uniform gap sizes in each direction were based on the average gap spacing that was 
measured from mounting real as-woven material samples in epoxy, sectioning them, and 
measuring the resulting spacing between wires under an optical microscope.  The mean 
spacing values from the optical measurements that were employed in the model were 99 
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m in the warp direction, 10 m in fill direction, and 47 m vertical (z-direction) gaps 
between warp and fill wire pairs.   
 In addition to assuming that the gap sizes were uniform in the finite element 
model, all simulated wires were also perfectly straight and free of residual stresses.  This 
simplification means that solutions may not match the measured damping loss factor 
values from the experiments, however, the models can help provide insight into the 
damping mechanisms at play and their dependence on the wire spacing and coefficient of 
friction (two variables that can be controlled through manufacturing and post processing).  
In the finite element model, the nodes on one end of the model were fully 
clamped and an oscillatory load was imposed on the opposite end by means of a virtually 
massless vertical elastic shell.  This was intended to mimic the same boundary conditions 
that were present in the DMA experiments.  The mass of the plate that applied the load to 
the material was less than 0.1% of the specimen’s mass in order to ensure that its inertia 
did not affect the simulation results. A sinusoidal load was applied at 70 Hz to the top of 
the loading plate in such a manner that the oscillatory amplitude of 20 m was achieved. 
Contact and friction between wires was accounted for in the model, and they were 
simulated with a general contact algorithm (CONTACT AUTOMATIC GENERAL 
[91]).  A static coefficient of friction s = 0.44 [92] and dynamic coefficient of friction d 
= 0.20 [93] was employed in the simulations and the ratio of the dynamic to static 
coefficient of friction was confirmed to be consistent with the ratios given for other 
metallic materials [94].  The transition from static to dynamic coefficient of friction was 
modeled using an exponential decay function that decays to the dynamic coefficient of 
friction for contact sliding velocities larger than 25 mm/s.  The elastic modulus of the 
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individual NiCr wires was measured by Dr. Yong Zhang to be E = 130 GPa from the 
initial elastic loading during tensile tests of a single NiCr wire.  The internal damping of 
the NiCr wire was small in comparison to the measured damping loss factor of the 
materials.  In order to save on computational costs, it was not included in the model and 
was assumed to be negligible. 
The results of the simulations for the two sets of coefficients of friction and the 
three types of uniformly distributed gaps with their calculated loss factors is shown in 
Table 12. 
 
Table 12: A summary of the various gap spacing and coefficients of friction that 
were simulated with the optimized pattern NiCr damping model with the simulated 
loss factors 
 No gaps Horizontal gaps only 
Average measured 
gaps 
Average gap spacings 
(microns) 
warp = 0 
fill =0 
z=0 
warp = 99 
fill =10 
z=0 
warp = 99 
fill =10 
z=47 
Measured coefficient  of 
friction (fs = 0.44, fd = 0.20) 0.15 0.13 0.06 
Increased coefficient of 
friction (fs = 0.88, fd = 0.40) 0.19 0.14 0.06 
 
 
These simulations of the stiffness and permeability optimized architecture NiCr lattice 
predicted absolute loss coefficients that were only about half of the experimental values 
in the model with no gaps, and even lower values for the models that included gaps.  
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These low values may be attributed to the fact that the model assumes the wires are 
perfect and does not account for the stochastic irregularities, such as twists and bends, 
that are known to be present in the woven material.  The computational model employed 
idealized geometries of the wires (all warp and fill wires were straight, and z-wires had 
perfect 90° bends), while real samples have wires which are bent and twisted, which 
increases the wire to wire frictional contact surface area for damping (wire to wire 
contact is present in 60-70% of all possible junctions), despite the average measured 
gaps.  The model also does not include residual stresses in the wires (specifically the z-
wires) which can change the contact forces involved in frictional damping.  Zhao et al. 
[50] and Zhang et al. [51] have recently demonstrated that manufacturing irregularities 
and the stochastic nature of wire geometries need to be considered to accurately model 
the permeability and stiffness of 3D woven lattice materials.  This indicates that in order 
for the models to match the experimental work, they must take into account some of these 
irregularities.  Nevertheless, the damping model with the assumed perfect geometries was 
still able to provide us with a greater understanding of the sensitivity of the damping loss 
factor to two key parameters: coefficient of friction and average gap size. 
The modeled damping values were found to be dependent on the chosen 
coefficient of friction and it was also found to depend on the assumed gap sizes, because 
frictional energy dissipation is dependent on whether or not there is wire to wire contact.  
Doubling the coefficient of friction increased the simulated loss coefficient by one third 
for both the zero-gap model and when gaps were only incorporated in the warp and fill 
directions (although this case should exhibit a smaller dependence on the coefficient of 
friction).  By contrast, simulations that included gaps in all three directions showed no 
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appreciable change in the simulated loss coefficient when the friction coefficient was 
doubled.  In this case, the number of frictional contact points was decreased as the gap 
size increased.  It is surmised that the number of frictional contact points in the model 
underestimates the number of contact points in the real material, since it doesn’t account 
for twists and bends that are present in the real material which serves to increase the 
number of contact points for the same average gap spacing.  Overall, this result indicates 
that friction-based damping is activated in tightly packed lattices, while inertial-based 
damping is always present.  It is worth noting that the coefficient of friction for Cu (s
Cu
 
= 1.1 [94]) is larger than that of NiCr (s
NiCr
 = 0.44[92]) and that the measured loss 
coefficients for the Cu lattices were consistently and significantly higher than for the 
NiCr lattices. This suggests that even with inherent manufacturing irregularities, damping 
of the woven lattice materials is influenced by friction. 
The mean gaps sizes were further investigated by using average gaps that were 
equivalent to the experimental samples.  The simulated loss coefficient of these samples 
was 0.06.  Doubling the z-direction gaps (from 47 to 94 m) decreased the simulated loss 
coefficient from 0.06 to 0.05.  This shows that this type of gap plays a small role in the 
simulated loss coefficient.  Changing the z-direction gaps to 23.5 m (half of the average 
gap size in the real material) also caused a slight decrease in the loss coefficient to 0.05.  
The variations between the simulated loss coefficients indicated that for the modeled 
loading frequency the inertial damping is not sensitive to uniformly distributed gap sizes, 
as long as there is sufficient space for the wire movement to occur.   
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 In order to confirm the accuracy of the motion in the model, a high speed camera 
was used to examine the weaves while they were in the DMA.  Samples were cycled in 
the DMA at 70 Hz with an amplitude of 20 m.  The side of the sample was examined 
with the camera during the test.  Samples were cut with the bending axis aligned along 
the warp direction and the fill direction.  An example image from each of the tests is 
shown in Figures 80-81. 
 
 
Figure 80: An image from the high speed video that was taken of the as-woven optimized pattern NiCr 
weave during DMA testing.  The moving clamp can be seen on the left side of the image.  The exposed edge 
is the fill-z plane of the material which served as the bending axis of the sample.  The majority of the testing 






Figure 81: An image from the high speed video that was taken of the as-woven optimized pattern NiCr 
weave during DMA testing.  The moving clamp can be seen on the left side of the image.  The exposed edge 
is the warp-z plane of the material which served as the bending axis of the sample. 
 
The obtainable resolution of the images precluded DIC tracking in order to quantify the 
individual movements of wires in the weave, however, it observations of the videos 
revealed that all of the individual elements in the weave moved in unison.  Small 
individual wire movements were not noticed in the videos.  In the damping model, nearly 
homogenous movement of the weave is detected and slight differences in the movement 
are only detectable when the movements are heavily magnified as shown in Figure 82.  





Figure 82: A trace of the movement of the z-wires and the outer layers of warp and fill wires in the weave 
during a damping simulation.  It is important to note that the in-plane displacements are so small that they 
need to be magnified by 100x to be readily seen.  
 
 The experimental measurements of the room temperature damping properties of 
the 3D woven metallic lattice materials indicate that they are a promising damping 
material with the potential to be used in high temperature applications.  The majority of 
conventional damping materials with comparable loss coefficients, such as polymers, are 
restricted to significantly lower temperatures, whereas the NiCr wires have a maximum 
service temperature of 1175°C [67].  The modeling that was performed as part of this 
work by Stefan Szyniszewski provides insight into the damping mechanisms that are 
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present in this material and their dependence on gap spacing and coefficient of friction.  
Two damping mechanisms are present in this material.  Frictional energy dissipation is 
highly dependent on not only the coefficient of friction, but also the gaps and defects in 
the material (which affects the number of frictional contact points).  Inertial damping is 
however always present in this material and it is the result of out of phase movements of 
individual wires in the weave or energy dissipation through vibrations of individual wire 
segments suspended between orthogonal wires (akin to the classical physics example of a 
vibrating string).  This modeling provides insight into the damping mechanisms and how 
to possibly optimize the underlying micro-architecture of these materials.  This indicates 
that there is a possibility to design 3D woven metallic lattice materials with increased and 
possibly even tunable damping properties. 
 
  
5.2: High Temperature Damping 
 
5.2.1: Measurements of the High Temperature Damping Properties 
 
 In order to evaluate the possibility of using the metallic 3D woven microlattice 
materials for high temperature damping applications, we must measure the damping 
characteristics of the materials at elevated temperatures.  In the previous section, testing 
was performed in a TA Instruments Q800 DMA.  This device has the ability to perform 
damping measurements in air at temperatures up to 300°C.  The damping properties of 
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the as-woven material were measured at temperatures up to 300°C in the DMA.  Results 
of these measurements were compared to measurements of samples that were heat treated 
for equal amounts of time in a tube furnace in air in order to evaluate the effect of the 
sample being constrained by the clamps during heating.  In order to evaluate the effects 
of even higher temperature exposures and to better control the environment, our custom 
tube furnace was used to heat Cu weaves in air to temperatures as high as 300°C (925°C 
in reducing atmosphere) and NiCr weaves to 1200°C.  These temperatures were selected 
since the maximum in air service temperature of Cu is less than 300°C [67] while, the 
maximum service temperature of the Chromel-A NiCr alloy that was used to make the 
NiCr weaves is 1175°C-1200°C [67,90,95–98].  The thermal effects on the damping 
properties of most samples were characterized before and after temperature exposure at 
room temperature in the DMA, due to the limitations of maximum temperature and 
environment that are available in the DMA. 
For the in-situ characterization of the temperature dependence of damping, the 
stiffness and permeability optimized NiCr weave was selected since it has the highest as-
woven damping and was the highest temperature capability in air.  Initially a series of 
room temperature measurements were gathered in order to affirm that the as-woven 
sample agreed with other samples from the same wire and architecture.  The furnace 
enclosure was placed over the sample and it was heated at a rate of 10°C/min until the 
first temperature setpoint was reached.  The temperature was then held for 10 minutes 
before damping measurements were performed in order to ensure that the temperature of 
the sample was uniform.  Testing was performed by heating the sample to temperature 
setpoints in 100°C increments, beginning at room temperature and ending at 300°C.  
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After the sample returned to room temperature it was then once again measured.  The loss 
factor measurements at frequencies from 1-200 Hz during temperature exposure in the 
DMA for the stiffness and permeability optimized NiCr weave are shown in Figure 83 
and the average and standard deviation at each temperature setpoint are summarized in 
Figure 84. 
The measurements of the stiffness and permeability optimized weave at 
progressively higher temperatures indicates clearly that as the material is exposed to 
progressively higher temperatures, the average measured loss factor decreases.  
Additionally, the measurements of the material after exposure to 300°C in air are nearly 
the same as the material at 300°C.  This indicates that the change is permanent and that 
measurements of the material after exposure to high temperatures can provide an indirect 
indication of the damping properties of the material while they are at higher temperatures.  
 In order to compare the role of the sample being clamped in the DMA and the 
validity of ex-situ heating measurements, another optimized architecture NiCr weave was 
measured before and after exposure to 300°C in air in our custom tube furnace.  The 






Figure 83: In-situ loss factor measurements from the DMA of an as-woven stiffness and permeability optimized NiCr 3-D weave for frequencies from 1-200 Hz.  
Measurements were taken in 100°C increments as the sample was heated in the DMA in order to quantify the damping changes in the weaves at various 


























Figure 84: Average of the in-situ loss factor measurements from the DMA of an as-woven stiffness and permeability optimized NiCr 3-D weave for frequencies 
from 1-200 Hz.  Measurements were taken in 100°C increments as the sample was heated in the DMA in order to quantify the damping changes in the weaves at 




















Figure 85: Ex-situ measurements of the loss factor of a post 300°C in air exposure for 5 hours of a stiffness and permeability optimized NiCr 3-D weave for 




















Figure 86: Average loss factor measurements from the DMA of the optimized pattern NiCr weaves.  Measurements were taken in at least four orientations for all 
values from 1-200 Hz for all data points except for the measurement at 300°C which was taken in one orientation only.  One standard deviation of the data is 
indicated by the uncertainty bars.  Measurements were taken of the as-woven material before during and after a 300°C exposure in the DMA.  Measurements 



















Examination of these measurements of the optimized pattern NiCr samples 
revealed that the damping properties decrease from the as-woven state when the material 
is exposed to elevated temperatures whether the material is heated in the DMA or in our 
tube furnace.  At 300°C (as measured in the DMA), the damping decreases by nearly 
50% ( decreases from 0.22 to 0.12).  When the material returns to room temperature 
after being exposed to 300°C in the DMA, the loss factor remains the same as was 
measured at temperature ( = 0.12).  Another as-woven sample was measured before and 
after exposure to 300°C by heating in a tube furnace in air and these measurements 
confirmed that the measured loss factor of the material after exposure to 300°C in both 
the DMA and the tube furnace leads to the same ~50% decrease in the measured loss 
factor after the material returns to room temperature.  As a result of these measurements 
and the greater range of temperatures, and environmental control of the tube furnace, all 
of the other temperature exposure measurements were performed by ex-situ heating with 
measurements before and after temperature exposure in the DMA. 
For the ex-situ characterization of the damping dependence on temperature 
exposure, samples were measured in their as-woven state in the DMA in four 
orientations.  The NiCr samples were then heated in our custom tube furnace to 
temperatures of 300°C or 1200°C for 5 hours in air.  The Cu samples were likewise 
heated in air to their maximum in air service temperature of 300°C.  In order to provide 
data that could be compared to the exposure of NiCr to 1200°C, the Cu weaves were also 
measured before and after exposures to 925°C in a forming gas (95% N2/5% H2) 
atmosphere to prevent oxidation of the material.  This temperature was selected since it is 
88% of the absolute melting temperature of the Cu wire and 1200°C is also 88% of the 
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absolute melting temperature of the NiCr wire.  The ex-situ testing at 300°C was 
employed to not only evaluate the effects of clamping the samples during heating 
(discussed previously), but also to compare the effects of exposing the Cu and NiCr 
weaves to the same temperatures in air.  The measurements of the loss factor at 
frequencies ranging from 1-200 Hz for the standard and stiffness and permeability 
optimized architectures for both the Cu and NiCr weaves are shown in Figures 87-93.  
The average of the loss factor and the corresponding standard deviation for each case are 





Figure 87: Ex-situ measurements of the loss factor after a 5 hour exposure at 300°C in air of the standard architecture Cu 3-D weaves for frequencies from 1-
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Figure 88: Ex-situ measurements of the loss factor after a 5 hour exposure at 300°C in air of the stiffness and permeability optimized architecture Cu 3-D 
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Figure 89: Ex-situ measurements of the loss factor after a 5 hour exposure at 925°C in a forming gas (95% N2 / 5% H2) of the standard architecture Cu 3-D 
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Figure 90: Ex-situ measurements of the loss factor after a 5 hour exposure at 925°C in a forming gas (95% N2 / 5% H2) of the stiffness and permeability 
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Figure 93: Ex-situ measurements of the loss factor after a 5 hour exposure at 1200°C in air of the stiffness and permeability optimized architecture NiCr 3-D 
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Figure 94: Average of the ex-situ measurements of the loss factor for frequencies from 1-200 Hz for the standard and stiffness and permeability optimized Cu 3-
D weaves in the as-woven, post 300°C in air, and post 925°C in forming gas (95% N2 / 5% H2) states.  The uncertainty bars indicate one standard deviation of 
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Figure 95: Average of the ex-situ measurements of the loss factor for frequencies from 1-200 Hz for the standard and stiffness and permeability optimized NiCr 
3-D weaves in the as-woven, post 300°C, and post 1200°C in air states.  The uncertainty bars indicate one standard deviation of the average of all of the 
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Figure 96: Comparison of the average of the ex-situ measurements of the loss factor for frequencies from 1-200 Hz for the standard and stiffness and 
permeability optimized Cu and NiCr 3-D in the as-woven, post 300°C in air, and post 88% of their melting temperature (925°C in forming gas for the Cu weaves 






















Table 13: Average of the ex-situ measurements of the loss factor for frequencies 
from 1-200 Hz for the standard and stiffness and permeability optimized Cu and 
NiCr 3-D in the as-woven, post 300°C in air, and post 88% of their melting 
temperature (925°C in forming gas for the Cu weaves and 1200°C in air for the 
NiCr weaves) states 
As-Woven 
Standard Cu 0.26 0.10 
Optimized Cu 0.28 0.15 
Standard NiCr 0.22 0.07 
Optimized NiCr 0.21 0.07 
Post 300°C 
Standard Cu 0.20 0.14 
Optimized Cu 0.18 0.08 
Standard NiCr 0.15 0.01 
Optimized NiCr 0.12 0.03 
88% Of 
 Melting Temp 
Standard Cu 0.04 0.02 
Optimized Cu 0.04 0.01 
Standard NiCr 0.04 0.01 
Optimized NiCr 0.04 0.02 
 
 
The ex-situ measurements of the Cu and NiCr weaves reveal that for all of the 
wire and architecture combinations, the loss factor deceases with the maximum 
temperature to which the material is exposed.  Initially, the Cu weaves exhibit higher loss 
factors than the NiCr architectures and the difference between architectures is smaller 
than the difference between the materials choice.  After exposure to 300°C in air, all of 
the samples showed a decrease in the measured loss factor of 25-45%.  Comparing the 
decreases in the optimized architecture copper weaves after exposure to 300°C to the 
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optimized architecture NiCr weaves, we can observe that the decrease in the copper 
weaves is only ~35%, compared to the ~45% decrease in the NiCr weaves (25% for the 
standard copper weaves and 35% for the standard NiCr weaves).  This is likely attributed 
to the fact that the yield stress of the NiCr wire is higher and will likely exhibit greater 
spring back, which leads to higher residual stresses (that are believed to be relaxed during 
temperature exposure).  Exposure of as-woven samples to even higher temperatures in an 
appropriate environment that was selected to be 88% of the absolute melting temperature 
of the wire materials that make up the weaves, revealed even larger decreases in the loss 
factor.  In fact, all of the samples had a measured loss factor of 0.04 after exposure to 
these temperatures.  It is interesting to note, that the modeled weaves with the average 
measured gap spacing exhibited a loss factor of 0.06, which is comparable to the 
measured loss factor of the weaves after exposures to high temperatures.  This may 
indicate that the weaves after exposure to the highest measured temperatures are well 
represented in the model of the weaves.   
What is important to consider with all of these measurements of the materials 
after exposure to their maximum service temperature is that the decrease in the 
mechanical loss factor for all of the weaves limits the final applicability of these weaves 
for high temperature damping applications.  However, even after exposure to 1200°C for 
5 hours, the NiCr weaves still retained damping abilities that were competitive with many 
polymers, but with a much higher maximum use temperature.  In order to compare the 
results with other damping materials, a plot of the mechanical loss factor and the 






Figure 97: A Plot of the mechanical loss coefficient and the maximum service temperature of the material which shows how the 3D woven Optimized Pattern 
NiCr Weaves compare with many common polymers, metals, and ceramics.  The 3D woven materials possess damping abilities that are comparable with many 
common polymers, which are frequently used in room temperature damping applications, but they also maintaining the ability function in the temperature range 




The measurements of the weaves both in-situ and ex-situ indicate that temperature 
exposure causes a permanent changes in the materials that leads to a decrease in the 
measured loss factor across the measured range.  In order to design and optimize these 
architecture materials for damping, a greater understanding of the changes that occur 
during temperature exposure in the as-woven weaves is necessary.  There are three main 
damping mechanisms that are responsible for the high damping abilities of the weaves.  
In the weaves, frictional and inertial damping dominate the response of the material, 
although internal damping of the wires themselves is always present.  In order to 
understand the measurements of the changes in the materials with temperature, we will 
examine the role of each of these mechanisms in the weaves and how they may be 
affected by thermal exposure. 
 
5.2.2: Effects of Temperature on Internal Damping 
 
 Internal damping in the 3D metallic weaves is the damping of an excitation that is 
performed by each wire individually and is independent of the architecture of the weave.  
The internal damping is the values for all of the materials (except for the weaves) that are 
previously shown in the mechanical loss coefficient and maximum service temperature 
plot.  The contribution of internal damping to the overall damping of the material is small 
(since internal damping’s contribution is orders of magnitude less than the role of the 
other two mechanisms) and exposure to high temperatures should not affect the internal 
damping of the material in a significant way, and any changes that would occur, would 
not affect the damping in a measurable way.  Therefore any changes in the internal 
190 
 
damping could not be used to explain the large observed changes in damping in the 
weaves. 
 
5.2.3: Effects of Temperature on Frictional Damping 
 
 Frictional damping in the 3D woven metallic weaves is the conversion of 
mechanical energy, through frictional sliding between adjacent wires, into heat.  
Frictional energy dissipation can be understood with the classic physics model of a block 
sliding along a surface as is shown in Figure 98. 
 
 
Figure 98: A simple modeling illustrating the transformation of kinetic energy into heat by a block sliding 
on a surface through kinetic friction.  This model represents the frictional dissipation of energy that 




The frictional force, Fk, between the block and the surface is dependent on the normal 
force, N, between the block and the surface and the kinetic coefficient of friction, k, 
between the two surfaces as [99], 
 
𝐹𝑘 = 𝑁𝜇𝑘 (23) 
 
 
In order to relate the frictional forces to the damping, one must relate the frictional forces 
to the energy dissipated in a cycle, or the work done.  In the case of reciprocal sliding (as 
is the case for the wires in the weave), the work done is  
 
𝑊 = 𝐹𝑘𝑑 (24) 
 
 
Substituting in for the expression for the frictional force required to slide the block across 
the surface in a reciprocal motion,  
 




where, A is the amplitude of the oscillation.  The amplitude is multiplied by four, since 
the block must travel through the distance of four times the amplitude to complete one 
cycle. 
 Since there are many points of contact in the weave which contribute to the 
frictional energy dissipation, the work done must be multiplied by the number of 
frictional contact points in the weave.  Within the weave there are warp/warp, fill/fill, 
warp/fill, warp/z, and fill/z contacts, which can contribute to frictional energy dissipation.  
The amount of contact and the normal forces between these wires is complex and 
variable.  In this thesis, we have decided to focus our efforts on the interactions between 
the fill and z wires.  The spring back of the z-wires against the fill wires increases the 
normal force for frictional energy dissipation and will be shown is dependent on 
temperature exposure.  As a result, the expression for the energy dissipated in the weave 
for a single cycle becomes, 
 
ΔU = 𝑊 = 𝑁𝜇𝑘4𝐴𝜒 (26) 
 
 
where  is the number of fill/z contact points in the weave sample. 
 In order to translate the frictional energy dissipation of the fill/z wires into a 










where,  is the loss factor, ΔU is the energy dissipated in a cycle (in this case from the 
frictional sliding of the fill and z-wires), Umax is the elastic energy stored at the maximum 
load.  The elastic energy stored in a beam in single cantilever bending loaded at the end 








where, P is the load applied to the end of the beam, L is the length of the beam (17.5 
mm), E is the elastic modulus of the beam, and I is the moment of inertia.  For simplicity, 
the moment of inertia will be simply estimated as that of a beam of rectangular cross 








where, b is the width of the beam (15 mm) and h is the thickness of the beam (3 mm). 
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 Combining all of the expressions together results in an expression for the loss 
factor that depends on the geometry and material properties in addition to the normal 
force between the wires, the load required to deflect the material, the amplitude of the 
oscillation, and the number of frictional contact points (which depends on the 









 This expression shows us what parameters are important in order to maximize the 
loss factor.  The variables in the equation are not entirely independent, and for instance, 
the load required to deflect the beam to the desired amplitude, P, is dependent to varying 
extents on all of the other parameters in the equation.  This however does provide guide 
for how to improve the loss factor and what may be affected by temperature exposure.   
In the interest of this section, we are concerned with developing an understanding 
of the specific changes in frictional damping between the fill and z wires that occur with 
temperature exposure.  The above equation for the loss factor indicates that the possible 
changes that occur could be changes in the coefficient of friction, the number of contact 
points in the weave, and the normal force.   
From the literature [56,57,102], we know that a hard, gas tight oxide layer 
encapsulates the surface of the NiCr wires in the weaves which is present before, during, 
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and after high temperature exposure.  This oxide layer is present in all measured cases of 
DMA testing and governs the kinetic friction coefficient between the wires.  The 
damping properties still decrease due to temperature exposure, which indicates that a 
change in the coefficient of friction at the interface between wires is not the governing 
mechanism for the decrease in damping.  Additionally, the heat treatments of copper 
were performed in air at intermediate temperatures (300°C) and in a reducing atmosphere 
at high temperature (925°C).  The reducing atmosphere would prevent the growth of an 
oxide on the surface of the copper wires, yet the damping decreased further in these 
cases, providing further evidence that the coefficient of friction at the surface is not the 
main factor that is changing the damping properties of the weaves with temperature 
exposure. 
 The number of contact points in the weave that can contribute to frictional energy 
dissipation should be directly related to the architecture of the weave.  In a perfect model, 
this is indeed the case, and the standard weaves have approximately ~50% more contact 
points than the optimized weaves.  The linear dependence of loss factor on the number of 
contact points would imply that there should be a 50% increase in the loss factor from the 
optimized to the standard weaves.  Examination of the measured loss factors in the real 
weaves clearly does not indicate that this is the case and in fact, using the as-woven loss 
factors of the standard and optimized architecture weaves as an example for the Cu and 
NiCr wires shows that the difference in loss factor between architectures is small and the 
dominant architecture depends on the wire material used.  This is a result of two main 
factors.  First, the modification of the number of contact points will also affect the load 
required to bend the weave in the single cantilever orientation (a competing variable in 
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the loss factor calculation).  Secondly, in the real weaves, defects (gaps and twists) will 
increase or decrease the number of contact points in a stochastic manner and modify the 
normal forces for contact.  As the wires move in the weaves during testing, the normal 
forces and number of contacts may also shift.   
The role of number of contact points in controlling the loss factor is difficult to 
observe in the as woven materials, but examination of the in air heat treated samples after 
300°C exposure shows that the standard architecture weaves possess a higher loss factor 
than the optimized weaves.  The exact reason for this is not known, but it is surmised that 
the wires are able to settle into a stable configuration when they are exposed to elevated 
temperatures and effects of the architecture are then made more prominent.  
Unfortunately, the measurements of the weaves at 88% of their absolute melting 
temperature do not have enough resolution to provide further confirmation of this 
hypothesis. 
 The normal force of frictional damping is another major variable that is correlated 
to the loss factor for the frictional dissipation of energy in the weaves.  As a result of the 
weaving process that was discussed earlier, the z-wires in the weaves exert a force 
against the fill wires when they spring back after the z-loops are formed.  In order to 
quantify the contribution to the frictional damping and how the spring back force changes 
with temperature, we decided to examine the z-wires in the NiCr weaves before and after 
elevated temperature exposure.  Both analytical and finite element models were used to 
estimate the forces that the z-wires exert on the neighboring fill wires.  In trying to 
quantify this normal force, it was found that two other factors are affected by temperature 
exposure: relaxation of the curvature of the overall shape of the z-wire; and in-plane 
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expansion of the z-wires in the warp direction.  These may also contribute to changes in 
the normal force in addition to the number of contact points in the weave. 
 
5.2.3.1: Quantification of the Change in Z-Wire Geometry with Temperature: 
 
In order to understand the decrease in damping with temperature exposure, we 
investigated the changes that occur in the z-wires of the NiCr weaves with exposure to 
increased temperatures.  We know from the literature that exposure of the NiCr weaves to 
high temperatures in air will not affect the NiCr alloy that we have chosen since the 
surface is self-passivated by a gas tight Cr2O3 surface in the as-woven samples and will 
not be further affected by the temperature exposure [57].  This suggests that the changes 
in the damping properties of the weaves are not the result of changes in the coefficient of 
friction of the surface.  It was hypothesized that an annealing process takes places which 
relaxes residual stresses in the weaves.  The z-wires are subjected to the largest strain 
during the weaving process, while the warp and fill wires remain straight and are strained 
little if at all.  Therefore, we investigated the changes in residual stress in the z-wires 
before and after temperature exposure in the NiCr weaves (both standard and optimized 
patterns).   
 In order to measure the residual stresses in the z-wires, the weaves had to be cut 
to expose the internal wires, and this was done using wire EDM in order to minimize the 
damage that results from cutting.  Samples were cut to a length of 25 mm through the fill-
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z plane and then they were subsequently cut along the warp-z plane in order to expose the 
profile of the z-wires as shown in Figure 99. 
 
 
Figure 99: An as-woven section of the standard pattern NiCr weave with the 1” long section used residual 
stress analysis shown on the right edge of the image. 
 
After EDM cutting, any stray pieces of wires were carefully removed with 
tweezers to expose the profile of the z-wire in the weave.  The specimens were then 
mounted in a custom spring clip and placed under a 5x objective of a Zeiss upright 
microscope.  The sample orientation was adjusted in relationship to the objective so that 
the entire cross section was parallel with the imaging plane and images were captured 
across the entire plane without having to readjust the focus of the microscope, which 
could cause distortions.  Images of an entire z-wire at the surface were captured using the 
microscope’s digital camera and a 0.63x adapter ring in full color bitmap format.  After 
all of the images (usually between 120 and 150 images) of each cross-section were 
captured, the images were stitched together in order to form a montage of the z-wire in 
the weave with Microsoft
®
 ICE [103].  This allowed me to perform analysis on a single 
stitched image of an entire z-wire instead of on smaller individual images.  An example 
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montage and one of the single images that was used to form the montage is shown in 
Figure 100.  A z-wire that was at the located at the surface of the weave was carefully 
removed with tweezers by working across the wire from side to side and slowly releasing 
it from the weave.  Once a z-wire was removed, it was sandwiched between two glass 
slides and another montage of the wire was gathered.  The removed wires exhibited a 
complex curvature of both the warp-fill plane (as seen in the image) and the warp-z plane 
(not shown in the image).  An example montage of a z-wire that was shown in Figure 100 
after being removed from the weave is shown in Figure 101.  This removed wire exhibits 
the pronounced curvature of the warp-fill plane in the z-direction. 
In order to evaluate the accuracy of the Microsoft® ICE stitching algorithm’s 
ability to properly reconstruct the montage, a set of sample images was sent to Amanda 
Levinson at NRL, since this type of image stitching is frequently performed in their lab 
during serial sectioning [104,105].  She stitched the images using their software and 
compared their result with the results from the ICE software.  The ICE software used 
three different stitching parameters (‘planar 1’, ‘planar 2’, and ‘planar 3’) which were all 
compared with NRL’s stitched image.  The settings control the limitations on the 
stitching algorithm.  ‘Planar 1’ only allows the images to be moved, in-plane, with 
respect to one another in order to stitch together and form a montage.  ‘Planar 2’ allows 
for rotation of the images in order to match and form a composite image.  The ‘Planar 3’ 
setting also allows the algorithm to scale the individual images in order to form a 
composite. The original stitched image from NRL and the comparison between their 
composite image and the different images stitched using Microsoft® ICE are shown 
below in Figures 102-105.  In order to compare the images, an image stitched with 
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Microsoft® ICE and the image stitched by NRL were overlaid on one another and 
aligned in the center of the image.  Differences between the NRL image and the ICE 
images appear as bright regions in the overlay. 
The results of the image stitching comparisons indicated that both the ‘planar 1’ 
and ‘planar 2’ settings generated results that agreed with the standard image from NRL.  
These images exhibit good matching without any noticeable bright regions, indicating a 
lack of matching.  The ‘planar 1’ setting is the most restrictive setting in the sense that in 
only allows for translation of the individual images in order to create the composite 
image (no scaling or shearing of the image is allowed).  The ‘planar 1’ setting was the 
most representative option for the image stitching, since images were taken using a planar 
translation along the wire without rotating or using different magnifications.  The ‘planar 
1’ setting stitches the images by only allowing translations (no scaling or rotation is 







Figure 100: An example montage of the cross section of the standard pattern NiCr weave with the z-wire in the focal plane of the image.  This image is a 








Figure 101: The same z-wire that was shown in the weave after it was removed from the weave and imaged between glass slides.  The pronounced curvature in 
the warp-fill plane can be easily recognized in the image.  This curvature is evidence that of residual stress that was present in the as-woven weaves as a result 

















Figure 103: An overlay of two montages of a small section of a NiCr z-wire.  One image was stitched by Amanda Levinson at NRL while the overlaid image was 











Figure 104: An overlay of two montages of a small section of a NiCr z-wire.  One image was stitched by Amanda Levinson at NRL while the overlaid image was 









Figure 105: An overlay of two montages of a small section of a NiCr z-wire.  One image was stitched by Amanda Levinson at NRL while the overlaid image was 





In order to quantify the data in these images, Image Pro Plus 8 was used to manually 
superimpose circles on the z-loops of the z-wires.  Each image was calibrated using the 
500 m mark in the bottom right corner of each image.  Circles were then superimposed 
on the z-loops from left to right alternating between the top and bottom.  The size and 
position of the loops was determined by fitting the circles (defined by three points in the 
program) to the centerline of each z-loop.  The nine, twelve, and three o’clock points that 
fell on the centerline of each wire were used to define the circle for a top loop and the 
three, six, and nine o’clock positions on a bottom loop were used to define a circle for the 
bottom loop.  Each set of images for an individual z-wire had matching loops, ie. ‘loop 1’ 
for the image of the wire in the weave is the same ‘loop 1’ in the z-wire that was removed 
from the weave.     The radius and center location for each z-loop was recorded in the 
calibrated image, and the values were exported to Microsoft
®
 Excel for further analysis.  
An example image of the same z-wire both in and out of the weave with the 
superimposed circles on top of each of the z-loops can be seen in Figure 106.  
 The measurements of at least three z-wires from both the standard and the 
optimized pattern NiCr weaves were captured.  Another set of standard and optimized 
pattern NiCr samples were also prepared with wire EDM and heat treated to 300°C in air 
in a tube furnace for 5 hours.  At least three z-wires from each of these heat treated 
samples were also measured.  All of these samples were analyzed with Image Pro Plus 8 
as well and the data was exported to Microsoft
®







Figure 106: A montage of the same z-wire both in an out of the weave with superimposed circles on the z-loops.  These superimposed circles are used to estimate 




 The quantification of the changes in the z-wires with temperature exposure was 
used to develop an understanding of how the geometry of the weaves and the spring back 
of the z-wires changes for both architectures.  Additionally, it was used to estimate the 
contribution of the z-fill frictional damping to the overall loss factor.  This measurements 
help provide understanding and a basis to develop more complex damping models and 
eventually to optimize these materials for high temperature damping in the future. 
 
5.2.3.2: Analytic Modeling of the Forces in the Z-Wire: 
 
In order to quantify the frictional force between the fill and z-wires and how it 
changes with temperature, I developed an analytical model for the contact forces using 
geometry gathered from the individual z-wires both in and out of the weave.  These 
geometries were used to develop representative models for each case. In the analytical 
models, the vertical sections of the z-wires were treated as beams that were subjected to 
single cantilever bending.  In this case I assumed that the z-loop served to fix the wire in 
position on one end and all of the residual stress in the wire is balanced by a reaction 
force that is provided by the fill wires that are at the top and bottom of the weave.  I 
further simplified the microstructure of the weave from the real geometry and assumed 
that the z-wire does not have a complex geometry (the real z-wires have an omega 
shape), but that it is straight and inclined at an angle to make contact with the fill wires.  
The simplified model of the warp/z plane is shown in Figure 107.  In this illustration, the 
open circles indicate positions that are not occupied by wires in the optimized 
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architecture.  The light blue wires are warp wires that occupy the planes behind the z-
wire plane.  
In the real geometry, the z-wire has a few limited points of contact with the fill 
wires through the thickness of the weave.  These contact points allow for the transfer of 
stored elastic energy in the z-wires to the fill wires.  This force may provide a normal 
force for frictional damping between the z-wires and the fill wires that will vary as a 
result of temperature exposure.  The force exerted by the z-wire on the fill wires is 
indicated by the red arrows in Figure 107.  These forces are the result of the spring back 
in the z-wires that is constrained by the fill wires.   
 
Figure 107: Conceptual model of the cross-section of the warp/z plane.  The model assumes that the z-wire 
does not propagate vertically through the weave, but instead it is oriented at an angle.  The red arrows 
indicate the points in the weave where the z and fill wires come into contact and the forces that the z-wire 





In this simple model, a z-wire can be treated as a beam with a point load at one 
end (which is accurate for the contact area between two tangential cylinders) of its length 
that induces bending.  We will assume that the other end of the wire is fixed.  This 
assumption is based off the idea that the z-wire is more compliant than the z-loop.  An 
illustration of the model is shown in Figure 108. 
 
 
Figure 108: Illustration of a single cantilever beam with a point load at its end with the opposite end fixed.  
This simplification forms the basis of the analytical model of the z-wires when they are in the weave.   
 
The description of the deflection of this type of geometry is found in many standard 









where, D is the maximum deflection at the end of the beam, P is the point load at the end 
of the beam, L is the length of the beam, E is the elastic modulus, and I is the moment of 







Since the geometry of the wire is a long cylinder that is in bending along its length 
(bending axis is the z-axis), the area moment of inertia for the circular cross-section of 

















In order to approximate the length of the beam, L, the three center positions of the 
superimposed circles on the z-loops were used for the image measurements that were 
discussed in the previous section.  A representation of the superimposed circles on the z-
loops is shown in Figure 109. 
 
 
Figure 109: An illustration of the warp/z plane.  The red circles are analogous to the superimposed circles 
of the z-loops from the image measurements described previously.  The length of the beam that is being 
deflected is assumed to be the spacing between the z-loop centers on opposite sides of the weave. 
 
The centers of the z-loop circles are a good approximation of the z-coordinate of 
the tangential contact points where the z-wire contacts the top or bottom fill wires.  In 
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order to calculate the length of the beam, L, the z-coordinate (in this case zn) is subtracted 
from the average z-coordinate of the pair of z-loops on the other side of the z-wire that 
are immediately to the left and right of the interrogated loop (in this case the average of 





− 𝑧𝑛| (35) 
 
where, zn is the z-coordinate of the loop that is contacting two of the interrogated z-wire 
beams, and zn-1 and zn+1 are the z-coordinates of the z-loops that are on the other side of 
the weave that make contact with the other two z-wire beams. 
 Calculations of the lengths of the z-wire segments, which are referred to as the 
beam length, are summarized in the Figure 110 for each of the cases: standard pattern as-
woven, standard pattern after heating to 300°C, optimized pattern as-woven, optimized 
pattern after heating to 300°C.  It is interesting to note that this is a measure of the 
average vertical spacing of the weave from the center of the fill wires that make up the 
top and bottom of the weave (assuming the fill wires fall in the middle of the z-wire 
loops).  It can therefore be used to indicate how densely packed the weave is in the 
vertical direction.  It appears that this spacing is greater in the standard weave than in the 
optimized pattern weave.  This is likely due to the fact that the standard weave has more 
wires in the z-direction and because the weaves are not perfectly packed, there is 
increased spacing the z-direction.  Also, the spacing decreases after heating indicating 





Figure 110: A summary of the calculations of the length of the z-wire beams that is used in the analytical 
model.  The theoretical minimum spacing is calculated by assuming that warp and fill wires are stacked on 




 The elastic modulus, E, of the 80-20 NiCr wire (d = 202m) was measured in the 
microtensile testing machine by Dr. Yong Zhang and was determined to be 125 GPa.  
The strain measurement was done using the MATLAB based DIC tracking software. 
 The displacement measurements, D, was calculated by comparing the position of 
the z-loops before and after the wire was removed from the weave.  In order to measure 
the local displacement, the position of two neighboring loops on the same side (top or 





































measurement of the displacement between two neighboring loops.  The measured 
distance is shown schematically as ,, in Figure 111. 
 
 
Figure 111: An illustration of the warp/z plane of the weave showing how the measurement of the distance 
between neighboring loops is calculated.  This measurement is performed on wires both in the weave and 




In order to calculate the displacement for the z-wire “beams” that are connected to 
loop “n”, we assumed that the displacement was symmetric on either side of loop “n”.  In 
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this case we chose to use the convention that the wire beam “n” was to the left of loop 
“n” although the choice is arbitrary.  The distance between the neighboring loops, Ln+1,n-1, 
that are opposite the current loop of interest, loop “n”, is the written for the z-wire in the 
weave as, 
 
𝜆𝑛+1,𝑛−1 = √(𝑥𝑛+1 − 𝑥𝑛−1)2 + (𝑧𝑛+1 − 𝑧𝑛−1)2 (36) 
 
Analogously, the distance between the neighboring loops after they are removed from the 
weave, L’n+1,n-1, is written as, 
 
 
𝜆′𝑛+1,𝑛−1 = √(𝑥′𝑛+1 − 𝑥′𝑛−1)2 + (𝑧′𝑛+1 − 𝑧′𝑛−1)2 
(37) 
 
where, the prime indicates the length and coordinates for the z-loops after they have been 
removed from the weave.  Note that the distance between loops is a composite of the x 
and z changes and not just the x-direction contribution.  For a beam in single cantilever 
bending, the load is applied perpendicular to the unloaded beam.  If the z-wires were 
aligned with the z-axis then we could simply use the x-direction changes only.  In the 
case of the weaves, the z-wires are not necessarily vertical, and the z-wires curve in the z-
direction around the fill axis, which changes the orientation of the z-wire loops.  In order 
to account for these changes, a composite (in the x- and z-direction) displacement is used. 
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 The displacement between loops “n+1” and “n-1” as a result of being removed 
from the weave is twice the displacement of wire beam “n”, denoted as Dn. The 







The wire in our case was initially in the ‘straight’ shape when the load (from the tangent 
fill wire) was applied.  When the wire was removed and the load changed to zero, the 
wire assumed a ‘bent’ shape.  This is the opposite of the beam model shown above since 
the beam is straight when no load is applied, but bent when the load is applied.  The force 
balance in both our case and the model, however, should be equivalent.   
The calculation of the individual forces for each wire and the overall average 
result are summarized in the Figure 112 for each sample (standard and optimized) and 
condition (as-woven and heated).  There does not appear to be any discernable pattern as 
to the loads that are exerted by the z-wire on the fill wires for a particular case, but the 
data suggests that the loads are compressive in the warp direction and they are in the 
range of a 64-140 mN.  The standard deviation of the measurement was calculated for 





Figure 112: A plot of the absolute value of the average forces calculated using the analytical model for 
each case.  It appears that the forces that are calculated from this analytic method are in the range of 64-
140 mN.  Error bars in the measurement indicate one standard deviation. 
 
 
 In order to increase the accuracy of the model, the change in the radius of 
curvature of each z-loop was also taken into account for each individual z-loop and it was 
included in the displacements.  It was assumed in the previous model that the majority of 
the stored elastic energy was in the long vertical sections of the z-wires, but some elastic 
energy is also stored in bending the z-loops.  The radius of the z-loops, which is 
measured by calculating the radius of the circles that were superimposed on the z-wire 
loops, was measured for all of the z-loops for both the as-woven and heat treated cases 
for both NiCr architectures.  The difference in radius for the z-loops once they were 
removed from the weave minus the radius of the z-loops when they were in the weave is 

































Figure 113:  The difference in the radius of the z-loops for the wires that were removed from the weave 
minus the radius of the same exact z-loops when they were in the weave.  The difference is an indication of 
the stored elastic energy in the z-loops that is a result of the weaving process. 
 
This change in the radius needs to be accounted for since it may lead to an increase or a 
decrease in the apparent displacement of the end of the vertical section of the z-wire loop 
in the model, Dn.  If the radius of the z-loop increases as the wire is removed from the 
weave, then the displacement of the z-loops will be an overestimate of the real 
displacement.  Therefore, the change in the radius of the z-wire loops was subtracted 
from the displacement between a pair of z-wire loops and the values for the forces we 








































Figure 114: A plot of the absolute value of the average forces calculated using the analytical model for 
each case and accounting for changes in the radius of each z-loop.  It appears that the forces that are 
calculated from this analytic method are in the range of 17-86 mN.  Error bars in the measurement indicate 
one standard deviation. 
 
 
Comparing the estimates of these forces when we account for changes in the radius of the 
z-loops with the model where we only account for displacement in the vertical sections of 
the z-wires shows that changes in radius of curvature affects the overall magnitude of the 
forces and decreases the estimated force by approximately half.  Accounting for the 
deformations in the z-loops, doesn’t affect the overall order of forces (ordering from 
maximum to minimum force) between the different architectures and heat treatments.  
What this implies is that the z-loops are storing elastic energy as well as the vertical 
sections of the z-wires.    
Although this simple model does provide indications of the magnitude of the 







































more completely.  In order to develop a more complete model, finite element analysis 
was used to develop wire models and account for more of the geometric features of the z-
wires which will allow is to compare and quantify the results with the analytical model. 
 
 
5.2.3.3: Finite Element Modeling of Forces in the Z-Wires: 
 
A finite element model was also developed to generate a more detailed 
understanding of the forces that are present in the weaves and to more fully account for 
the changes in the geometry of the wires in the model.  3D CAD models of the wires 
were built in SolidWorks and ABAQUS was used in order to mesh the models and to 
model the elastic deformations.  Models of individual wires were constructed by using 
the relative center locations and the radii of the z-loops (that came from the image 
analysis that was discussed previously) and connecting those circles with double tangent 
lines.  The circles were then foreshortened to semi circles that were connected by the 
tangent lines.  This geometry that was made of semi-circles and lines was then extruded 
into a 3-D solid using this wire model as a center line with the diameter of the wire (202 
m).  Wire models were constructed for individual wire samples for their configurations 
both in the weaves, and the geometry that they take on once removed from the weave.  
An image of one of the full wire models for the cases of the z-wire in and out of the 





Figure 115: An example of the full z-wire models for the wires both in the weave (shown in grey) and out of 
the weave (shown in red).  The models are overlaid on top of one another with a common point of tangency 
in the top center of both wires.  The natural curvature of the weave is clearly evident in this image. 
 
Since the overall properties of the weaves are our primary concern and not the individual 
properties of a single wire, we elected to represent the wires with individual subsections 
of the overall weave.  The models were made for each of the four cases: standard pattern 
as-woven, standard pattern heat treated (300°C), optimized pattern as-woven, and 
optimized pattern heat treated (300°C).  In addition, models were also made to represent 
the loops on the top of the weave separately from the loops on the bottom of the weave.  
It was found that when the wires were removed from the weave, they exhibited a 
curvature in the z-direction around the fill axis.  The details of this will be discussed in 
the following section.  The top and bottom was determined by examining the curvature of 
the z-wire for a particular case and the ‘top’ was assumed to be the direction in which the 
overall z-wire geometry was curved.  Geometries for the ‘top’ and ‘bottom’ of the weave 
were then developed in order to account for these differences. 
Models of a ‘top’ and ‘bottom’ for each of the four cases were constructed (eight 
in total) in order to represent the geometry of the loops when the wire was removed from 
the weave.  The boundary conditions were applied in order to bend the wire models back 
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into the geometry that it assumed when the wire when was in the weave.  An image of the 
models for a representative sub-section of the z-wires is shown in Figure 116 for the wire 
both in the weave and out of the weave. 
 
 
Figure 116:  An example of representative subsections of the weave for a z-wire loop out of the weave 
(shown in red) and in the weave (shown in grey). The subsection for the wire in the weave shows the 
location where forces are applied in the model.  Forces are applied at the point of tangency between the 
loop and the vertical section of the wire. 
 
 
The models that were made in SolidWorks using the average geometries were 
imported into ABAQUS, where they were gridded with ~50,000 tetrahedral elastic 
elements before applying boundary conditions and running the simulation.  The boundary 
conditions fixed the center of the wire at the bottom of the loop to remain in the plane, 
but it allowed the bottom z-loop to move towards or away from the two half z-loops if 
necessary.  The faces of the z-loops that were cut were constrained to in-plane motion as 
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well.  Finally, the boundary conditions applied deformations at the point where the z-wire 
loops met the top of the vertical section of the z-wire.  The applied boundary conditions 
and the wire before and after deformation (with the finite element grid on the wire 
models) are shown in Figures 117-118.   
 
 
Figure 117:  A representative subsection after being imported into ABAQUS and applying boundary 
conditions.  The boundary conditions prevent out of plane deformations of the z-wire and displacements 
were applied at the point of tangency between the z-wire loops and the straight section of the z-wires.   
 
 
The simulations were run on all eight of the wire geometries.  The reaction forces were 
assumed to be two points of contact which were equal and opposite, and which were 
applied at the point of tangency between the semi-circle and the tangent line.  The 
226 
 
reaction forces that were necessary to cause these displacements in the ABAQUS 




Figure 118: A representative subsection of the z-wire loop both after being removed from the weave and 
after the forces were applied to bring the wire back into the same position it would be in the weave.  This 
also shows the elastic elements that were used to grid the wire subsection.  Note that the deformation is 




Figure 119: A plot of the absolute value of the average forces applied by the fill wires on the z-wires.  The 




The results of the FE model shows that the resulting forces are on the order of 26 
to 90 mN (which is nearly the same as the forces that were calculated with the analytical 
model when the radius change of the z-loops was included), and that the magnitude of the 
reaction forces are higher in the bottom of the weave than in the top of the weave in all 
cases.  This difference in spring back on the top and bottom of the weave leads to the 
overall curvature in the weaves (which is the topic of a later section), but we can use this 
estimate and the previous estimate of the forces to now estimate the contribution to the 























 5.2.3.4: Estimate of the Loss Factor Contribution of the Fill/Z Frictional Dissipation 
 
 In order to estimate the contribution of the fill/z frictional sliding to the overall 
observed loss factor measurements, we can use the expression that was derived 








For the NiCr weaves, in order to complete the estimate of the contribution to the loss 
factor of the frictional sliding between the between the fill and z-wires, there are several 
constants in the equation that must be estimated or extracted from measurements. 
 Many of the constants used in this estimate were used previously in other models 
and calculations.  The amplitude of the oscillation, A, was extracted from the FE 
simulations performed by Stefan Szyniszewski and were determined to be on the order of 
1-2 m.  As a result, a value of 1.5 m was used in the calculation.  The kinetic 
coefficient of friction between the NiCr wires, k, was the same value (0.2) that was 
previously measured by Hal Kahn at Case Western Reserve and the value that was also 
used in the FE simulation performed by Stefan Szyniszewski.  The value for the elastic 
modulus was measured by Yong Zhang and was determined to by 125 GPa from a single 
wire test with the strain measured using DIC.   Since the sample is aligned with the fill 
direction along the bending axis, the elastic modulus in that direction would be governed 
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by the stiffness of only the fill wires (without bonding material, only the fill wires will 
bear any substantial load that would contribute to the elastic modulus).  The fill wires 
occupy ~5% of the cross sectional area of the warp/z plane.  Therefore, the single wire 
modulus was normalized by the density of the fill wires in the warp/z plane in order to 
calculate a reduced modulus of 6.3 GPa, which was the value used for E in the 
calculations.  The load required to deform the beam was extracted from the DMA 
measurements of the maximum reaction force during a cycle at the moving clamp.  This 
value was on the order of 3 N for all of the NiCr weave samples.  The sample dimensions 
(b, h, and L) were extracted from previous measurements of NiCr test samples and the 
sample dimensions used in this calculation were: 15 mm wide, 3 mm thick, and 17.5 mm 
long.  The number of contact points in the sample, , was estimated from the sample 
spacing between z-loops, and the dimensions of the sample.  Measurements of the as-
woven z-loop center to center spacing in the NiCr weaves had a value of ~1.8 mm 
between z-loop centers on the same side.  The model assumes that there are two point of 
contact on each of those wire segments.  Extrapolating the number of contact points in 
both warp and fill directions provides an estimate of the number of contacts in the sample 
to be 162.   
For both the analytical model (accounting for the change in the radius of the z-
loops) and the FE model, the loss factor was calculated for the minimum, average, and 




Table 14: Summary of the loss factor contributions of the frictional dissipation of 








Analytical (w/ z-loop radius) 0.02 0.01 0.05 0.04 0.09 0.07 
FE Model 0.03 0.02 0.06 0.04 0.09 0.07 
 
 
The results of these estimates of the loss factor show that, for the estimated forces 
between the fill and z-wires, the frictional dissipation of that interaction is a substantial 
contributor to the overall damping found in these materials.  For the estimates associated 
with the average normal force, the contribution of the fill/z wire frictional sliding could 
account for ~25% of the measured damping of the as-woven weaves.  Although there 
does not appear to be any discernable pattern between the change in forces with 
temperature (i.e. the force increases or decreases with temperature for both architectures), 
it does indicate that changes in the fill/z wire interactions can lead to significant and 
measureable changes in the loss factor. 
 Overall, the measurements and modeling of the frictional damping between the 
fill and z-wires has shown that the contribution of this damping mechanism is significant 
to the overall damping abilities of the material, but the measurements of the weaves 
before and after heat treatment does not reveal a clear change in the normal force that 
would describe the decrease in damping with temperature exposure.  Even though these 
forces may change with temperature exposure in a systematic way that leads to the 
observed change in damping, the estimates of the forces may not appropriately reveal 
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these changes as a result of some of the assumptions in the models.  Specifically, the 
number of contact points and the idealized geometry of the z-wires may fail to capture 
the exact changes that occur with temperature exposure.  This is due to perturbations in 
the architecture that are difficult to quantify on average, such as wire twists, wire 
contacts, and non-orthogonal wire geometries.  These measurements and estimates of the 
effect of the frictional damping between the fill and z-wires on the loss factor provide 
indications that changes in these contact forces can significantly affect the damping 
abilities of these materials, but these changes are likely one of several factors that affect 
the damping with temperature exposure.  The measurements of other geometric changes 
in the weaves and their possible role in the decreased damping will be explained in the 
remainder of this chapter. 
 
 
5.2.3.4: Measurements of the Curvature of the Z-Wires 
 
 In our evaluation of the changes in the z-wires when removed from the weaves 
before and after temperature exposure, I observed that the z-wires as a whole exhibited a 
curvature along the warp direction around the fill axis.  In order to quantify this 
curvature, the center location of each z-wire loop for each case was plotted and a least 
squares quadratic fit was applied to each wire data set to quantify the shape.  The 
curvature for each wire was then quantified as the coefficient of the x
2
 term in the curve 
fit.  An example plot of the z-wire loop markers and the curve fit are shown in Figure 
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120.  The plots of the z-wire loop locations for each measured wire and the quadratic fits 
to each wire are shown in Figures 121-124 for each case and the coefficients of the ‘x
2
’ 
term in the quadratic fits is summarized in Table 15. 
 The coefficient of the x
2
 for each wire was averaged with the other wires in each 
data set and the standard deviation of each dataset was calculated.  The coefficient serves 
to quantify amount of curvature in in overall geometry of each z-wire.  This curvature is 
the result of asymmetric stored elastic energy (spring back) that is allowed to relax when 
the z-wire is removed from the weave.  When the z-wire is in the weave, the surrounding 
warp and fill wires serve to restrain the z-wire in a particular position.  Once that wire is 
removed from the weave it is in its natural state with no applied external loads.  As a 
note, we do not know what is the top or the bottom of the weave before we begin 
removing wires.  Therefore the choice of the ‘top’ or the ‘bottom’ for each dataset was 
initially arbitrary.  After measuring the curvature of the wires, the convention was used 
that the z-wires, on average, curved such that the ends pointed up.  The datasets shown 
above were corrected for orientation by calculating the overall average for a dataset.  If 
the average coefficient of the quadratic was negative, then every z-coordinate in the 
dataset was multiplied by negative one in order to correct the orientation.  This correction 
had to be applied to both the standard and optimized as-woven datasets. The average 





Figure 120: An example data set showing the z-loop center locations of a z-wire that was removed from the weave and the quadratic curve fit to the data.  The 
coefficient of the ‘x
2
’ term in the quadratic equation was used to quantify the curvature.  


















































Figure 121: The individual position of each z-wire loop center after being removed from the weave for the as-woven standard pattern NiCr weave for 4 different 
wires.  Quadratic equations were fit to each wire data set using a least squares fitting procedure and the fits and equation of the fit are shown for each wire. 
y = 1E-05x2 - 0.1939x + 1407.3 
y = 7E-06x2 - 0.1812x + 1095.8 
y = 8E-06x2 - 0.138x + 1211.6 
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Wire 1 Out of Weave
Wire 2 Out of Weave
Wire 3 Out of Weave




Figure 122: The individual position of each z-wire loop center for 3 wires after being removed from the standard pattern NiCr weave that was heat treated to 
300°C for 5 hours in air.  Quadratic equations were fit to each wire data set using a least squares fitting procedure and the fits and equations for each fit are 
shown. 
y = 1E-06x2 - 0.0614x + 987.37 
y = 5E-06x2 - 0.1931x + 1286.8 
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Figure 123: The individual position of each z-wire loop center after being removed from the weave for the as-woven optimized pattern NiCr weave for 3 different 
wires.  Quadratic equations were fit to each wire data set using a least squares fitting procedure and the fits and equations are shown. 
y = -9E-07x2 + 0.0789x + 1251.4 
y = 1E-06x2 + 0.0008x + 1253.8 
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Figure 124: The individual position of each z-wire loop center for 3 wires after being removed from the optimized pattern NiCr weave that was heat treated to 
300°C for 2 hours in air.  Quadratic equations were fit to each wire data set using a least squares fitting procedure and the fits and equations for each fit are 
shown. 
y = 5E-07x2 - 0.0587x + 1272.1 
y = -8E-07x2 - 0.0273x + 895.58 
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Table 15: Summary of the coefficients of the ‘x
2
’ quadratic fits for the removed z-
wire curvature measurements 
 Z-Wire Curvature (10-6)  
  Standard As-Woven Standard Heated Optimized As-Woven Optimized Heated 
Wire 1 10 1 -0.9 0.5 
Wire 2 7 5 1 -0.8 
Wire 3 8 2 2 2 
Wire 4 10       
Average 9 3 0.7 0.5 
 
 
Figure 125: The absolute value of the quadratic fitting parameter for the z-loop position data sets was 
averaged for each pattern and condition.  The values for each data set are shown with bars indicating one 








































Examination of the overall curvature of the z-wires shows that the curvature in the 
standard weave is significantly greater than the curvature in the optimized pattern 
weaves.  This indicates that the asymmetry in the residual stress in the of the top and 
bottom z-wires of the standard weave is greater than the asymmetry in the residual stress 
in the z-wires of the optimized weave.  This is likely a result of the higher forces on the 
reed that are required when weaving the standard weave and the fact that the larger 
number of fill wires provide a greater resistance to the spring back of the z-wires (since 
there are more contact points and hence a greater frictional force to resist the spring 
back).  This is also manifested as a smaller z-loop spacing in the warp direction as is 
shown in Table 16. 
 
Table 16: Summary of the z-loop spacing in the NiCr weaves 
Z-Loop Center to Center 
Spacing (m) 
Standard NiCr Optimized NiCr 
Warp Direction 1750  100 1805  78 
Z Direction 2615  230 2214  67 
 
In both architectures, the curvature of the heat treated wires is smaller than the 
global curvature of their as-woven equivalents.  As the z-wires are heated in the weave, 
they are annealed in the flat configuration in which they are held by the fill wires.  As a 
result, the heat treated samples exhibit less curvature than the equivalent as-woven z-
wires.  The smaller curvature in the heat treated samples should lead to a lower stress 
between z-wires and the neighboring wires, changes in the number of contact points, and 
a possible shift in the direction in which the load is applied.  It is reasonable to assume 
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that this curvature change will modify the magnitude, direction, and distribution of the 
normal force for frictional damping between the z-wires and the fill wires.  This complex 
redistribution could lead to a decrease in the frictional dissipation at these junctions.  This 
could also help to explain the observed decrease in the damping properties after exposure 
to high temperatures, however, the complex nature of these changes does not allow us to 
directly tie the changes in curvature to a change in the observed loss factor.  
 
 
5.2.3.5: Measurements of the Angular Change of the Z-Wires: 
 
In order to quantify the changes in the geometry with temperature exposure of the 
z-wires, while they are still in the weaves, in a manner that accounts for the difference in 
the effective thickness change of the weave, I chose to quantify the changes in the z-wire 
geometry by connecting the z-loop centers with a series of triangles and monitoring the 
changes in the angles of the triangles in order to account for changes in the weaves.  In 
this way, changes in the weave can then be quantified in terms of angles which are 
independent of the effective thickness of the weave.  A model of how the calculation of 
the triangles was performed is shown in Figure 126.  The calculation of the angle, , was 
performed for all z-wire samples.  In order to expand the technique, wires both in and 
removed from the weave were examined with this technique.  Datasets were separated 
into the triangles with subsequent identifying angles for the top and bottom of the weave 
separately (in order to also help quantify the curvature).  Top and bottom angles were 
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assigned based on the curvature of the z-wires in a set as was described previously.  The 
average angle, o, was examined for the z-wires before they were removed from the 
weaves for both patterns (standard and optimized) and both states (as-woven and heat 
treated) in order to examine baseline difference in the angles between the z-loops when 




Figure 126:  A model of the warp/z plane showing a triangle superimposed on the weave with the vertices 
of the triangle connecting the z-loop centers.  This triangle serves to quantify the changes in the weave in a 




Figure 127: A plot of the characteristic angle, , for the z-wire in the NiCr weaves.  Both patterns and 
states(as-woven and heat treated) are shown in the plot and it can be seen that the angle increases when 
the material is heat treated and that the angle is larger in the optimized weaves than in the standard weave.  
 
Examination of these measurements and calculations indicates two major things.  
First, there is a small increase in the characteristic angle, o, for these weaves when they 
are heat treated.  This indicates that there is most likely an increase in the spacing of the 
weave along the warp direction which is necessary to accommodate the decrease in the 
thickness of the weave as was shown in Figure 110.  Additionally, the characteristic angle 
is overall larger in the optimized weave than in the standard weave.  This implies that the 
crimping of the z-wire loops is not as tight in the optimized weave as it is in the standard 
weave.  This was seen in both the Cu and NiCr weaves.  This is likely due to the fact that 
there are fewer fill wires in the optimized pattern to resist the spring back of the z-wires.  
Also, it may be the result of the fact that with fewer wires in the weave and more open 
space in the optimized, the pressure the reed exerts on the fill wires to crimp the z-wires 


















Standard Weave (Heat Treated)
Optimized Weave (As-Woven)
Optimized Weave (Heat Treated)
243 
 
After the z-wires were removed from the weave, the same measurement was 
repeated.  The results of these measurements are shown in Figure 128.   
 
 
Figure 128: A plot of the characteristic angle, , for the z-wire once it was removed from  the NiCr 
weaves.  Both patterns and states(as-woven and heat treated) are shown in the plot and it can be seen that 
the angle increases when the material is heat treated and that the angle is larger in the optimized weaves 
than in the standard weave, which is in agreement with the measurements of the z-wires in the weave. 
 
Examination of the angle, , for the z-wires after they were removed from the weave 
show an overall increase for all cases.  This is shows that there is a relaxation of residual 
stress in the warp direction for all of the z-wire when they are removed from the weave.  
The fact that the overall distribution of the angle for each of the four cases remains the 
same (standard as-woven < standard heat treated < optimized as woven < optimized heat 
treated) implies that the differences in  as a result of residual stress are smaller than the 
changes in  that occur as a results of the heat treatment or differences in architecture.  In 

















Standard Weave (Heat Treated)
Optimized Weave (As-Woven)
Optimized Weave (Heat Treated)
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they were removed, the difference was calculated and it is shown in Figure 129.  The 
magnitude of the difference in the angle between the wires after they were removed from 
the weaves compared to the wires in the weave is relatively small (1 – 3°).  Additionally, 
there does not appear to be any pattern in the data that indicates that with heat treatment 
there is a clear change in the angle of the weave from this data.  In fact, these results, 
particularly Figure 127 are direct evidence of an increase in the z-loop spacing and , 
which indicates that the weaves relax the residual stress in the z-wires by spreading in the 
warp direction when they are heated.  This is likewise accompanied by a decrease in the 
effective thickness of the weave after heating.  These results suggests that the decrease in 
damping that is found in these materials is a combination of several changes in the weave 
geometry and not one single change.  
 
 
Figure 129:  A plot of the difference in the average characteristic angle, , for the z-wire once it was 
removed from the weave minus the z-wire in the weave for the NiCr weaves.  Both the as-woven and heat-
treated cases of both architectures are shown.  The difference in the characteristic angle, , are small and 
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 As was done previously with the FE models of the weave, a closer examination of 
the results, where the top and bottom of the weave were treated as separate data sets, can 
provide further insight into the asymmetric differences in the weave as a result of 
weaving pattern and heat treatment that cause changes in the curvature of the z-wire.  In 
this case, the difference in angle between the top and bottom of the weave was examined 
since it is directly related to the curvature of the wire that was discussed before.  The 
average angle for the all of the top z-loops for a particular case and all of the bottom z-
loops for the same case were averaged and the difference between the top and bottom 
(which is related to the curvature of the z-wire) is what is shown.  The data was also 
analyzed such that the difference was calculated for each wire individually before the 
average value was calculated.  The results were the same in both cases indicating that the 
processing method does not change the results.  The difference between the top and 
bottom weave angles for each of the four cases for the NiCr z-wires both in and out of the 
weave are shown in Figures 130-131.  
In order to evaluate the residual stress in terms of the curvature of the weave we 
must compare the difference in angle between the top and bottom of the weave for each 
case both in the weave and after the z-wire was removed from the weave.  The difference 
was calculated as the difference in characteristic angle for the z-wire once removed from 
the weave minus the z-wire angle difference in the weave.  This is denoted as the ΔΔ 
for the weave and it is related to the relative amount of the curvature in the z-wire 
normalized by the initial curvature in the weave (which should be relatively small since 
the z-wire is fixed into position by the fill wires).  This value is related to the asymmetric 
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residual stress in the weave.  The results of these calculations for the four different cases 
of the NiCr weaves are shown in Figure 131. 
These results agree with previous results that the standard weave has a larger 
amount of asymmetric spring back than the optimized weave.  Additionally, the heat 
treated state for both weaves exhibits less curvature than the as-woven states implying 
that the curvature (which is a result of an asymmetric residual stress in the weaves) 
relaxes with exposure to temperature. 
 
 
Figure 130: The absolute value of the difference in characteristic angle, , between the average of all top 
characteristics angles minus the average of all bottom characteristic angles for a particular case for the z-
wires in the NiCr weaves.  Notice that the difference in characteristics angle is small, which validates the 
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Figure 131: The absolute value of the difference in characteristic angle, , between the average of all top 
characteristic angles minus the average of all bottom characteristic angles for a particular case for the z-
wires in the NiCr weaves.  Notice that the difference in characteristics angle is larger, which explains the 




Figure 132: The relative curvature of the weave when the wire is remove reported in terms of the 
characteristic angle, , normalized by the initial state of the z-wire in the weave.  This is an indication of 
the relative amounts of residual stress in the z-wires in the different weaving patterns and states (as-woven 
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 Overall, this series of measurements indicates that the changes in the weave as a 
result of heat treatment are small, but measureable.  It has been shown that as a result of 
heat treatment, the weave spreads in the warp direction (as shown by the change in o 
and ) and shrinks in the thickness (as shown by the decrease in L with temperature 
exposure).  Additionally, the z-wires also contain a residual stress that is a result of spring 
back of the z-wires during the weaving process.  This is manifested as an overall global 
curvature of the z-wires along the warp direction in the warp/fill plane.  This curvature 
was found to relax after heat treatment of the wires in the weaves.  The relaxation is 
believed to decrease the modify the magnitude and direction of the forces between the fill 
and z-wires, although modeling of the average changes in contact forces is difficult since 
the number of contact points between the fill and z-wires is stochastic.  This possible 
change in contact force could affect the normal force for frictional damping between the 
fill and z-wires, which would change the energy dissipation for frictional damping after 
heat treatment. 
Although frictional damping may decrease with temperature since the normal 
forces for frictional damping are believed to change, inertial damping mechanisms 
remain present in the weave.  As a result, the damping in the material decreases with 
temperature exposure, which is indicated to be the result of a decrease in the frictional 
energy dissipation, however, modeling indicates that inertial damping would remain 
unaffected.  As a result, these 3D woven metallic microlattice materials exhibit a 
measurable decrease in damping with temperature, but they still exhibit high (inertial) 
damping at elevated temperatures.  The effects of temperature on the inertial damping 
will be examined in the next section. 
249 
 
5.2.4: Effects of Temperature on Inertial Damping 
  
 
Inertial damping in the weaves is a damping mechanism that is a result of 
vibrations of individual segments of the wires suspended between orthogonal wires that 
vibrate like a vibrating string.  The individual wire segment lengths are determined by the 
spacing between columns of paired warp or fill wires.  The length of a warp wire segment 
is therefore defined by the spacing between columns of fill wire pairs and the length of a 
fill wire segment is then the converse. 
 In order to understand how the changes in the weaves with temperature exposure 
affects the frequency bands in which the energy dissipation of the vibrating wire 
segments (through shifting the natural frequencies) we can examine the classical physics 
model of the simple vibrating string.  In this model, the natural frequency of the wire is 











where, fn is the natural frequency.  k is the stiffness, and m is the mass.  The mass, m, is 
not affected by temperature exposure, but the stiffness is affected by changes in the 
length of the wire segments.   
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For a wire segment supported on both ends the stiffness, k, is directly proportional to the 












2⁄  (42) 
 
 
In the previous sections of this chapter, the changes in the z-wire geometry with 
temperature were examined.  Measurements of the changes in the characteristic angle, 
Δ, showed that the weave expanded in the warp direction when the weave was exposed 
to elevated temperatures.  This indicates that the spacing of the z-loops (and subsequently 
the length of the vibrating warp wires) will increase with temperature.  This will cause a 
decrease in the natural frequencies of the vibrating wires in the weave.  The expansion, 
however, has a significant uncertainty that is nearly on the same order as the change 
itself.  The uncertainty in the characteristic angle, , and the change in the characteristic 
angle, Δ, also indicates that the length of the vibrating wires that are responsible for the 
inertial damping will have a range of fundamental frequencies instead of a singular 
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frequency.  This implies that the inertial damping occurs in bands of frequencies, and that 
defects and irregularities in the architecture may actually help increase damping abilities 
of the weaves. 
 
 
5.2.5: Conclusions of High Temperature Damping Study 
 
 
 Overall, the high loss factor of the as-woven weaves has been shown to decrease 
with the exposure to elevated temperatures in both architectures and wire types.  The loss 
factor decreased as the maximum temperature to which the material was exposed 
increased.  Finite element modeling indicated that the damping in the weaves was a result 
of three damping mechanisms: internal damping of the individual wires, frictional sliding 
of wires against neighboring wires, and inertial damping of individual wire segments.   
In order to develop a greater understanding of the changes in the weaves with 
temperature, standard and stiffness and permeability optimized architecture NiCr weaves 
were sectioned and the z-wires in the weave were analyzed both in the weave and after 
being carefully removed.  NiCr weaves were also heated in air for 5 hours in order to 
evaluate the effect that temperature has on the geometry and spring back in the z-wires.   
The wires were likewise examined both in and out of these weaves as well.   
252 
 
From a culmination of literature and modeling, the changes in the internal 
damping of the wires that form the weave were determined to provide a small portion of 
the measured damping even after exposure to temperatures as high as 88% of the absolute 
melting temperature.  Internal damping of the wires should not be affected by 
temperature exposure and the internal damping of the wires was orders of magnitude less 
than the measured damping. Any small changes that may occur in the internal damping of 
the wires could not be used to explain the large changes in the measured damping. 
Frictional damping, specifically between the fill and z-wires, was examined and 
analytically modeled in this section.  Measurements of the geometry changes in the z-
wires, as a result of being removed from the weave before and after exposure to 300°C in 
air for 5 hours, allowed me to calculate the normal force between the fill and z-wires in 
the NiCr weaves.  These values were then used to calculate the contribution of this 
frictional damping mechanism to the overall loss factor.  The frictional (fill/z) and inertial 
damping were examined and found to make up 20-25% of the overall loss factor on 
average.  Although the measurements do not directly indicate that the normal force for 
fill/z frictional damping decreases with temperature, these calculations indicate that this 
mechanism provides a significant contribution to the measured damping.  Other 
observations indicate that the geometry and distribution of inter-wire forces in the weave 
may change with temperature and that the in-plane dimensions of the weaves increase 
with temperature, which is complemented by a decrease in the thickness (out-of plane 
dimension) of the weaves.  The removal of the z-wires in the weaves revealed that there 
is also an overall curvature in the z-wires which is a result of an asymmetric distribution 
of residual stress (spring back) in the z-wires which is related to asymmetries in the 
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weaving process.  This curvature is greater in the standard weave, but a clear decrease in 
both the standard and optimized weaves with thermal exposure are observed.  This leads 
to a redistribution of the forces for frictional damping which could also help to explain 
some of the changes that occur with temperature exposure that affect the damping. 
The inertial damping in the weaves was uncovered through FE modeling and 
experiments.  The inertial damping dissipates energy individual wire segments, which are 
supported by orthogonal supporting wires, vibrating at their natural frequencies.  This 
mechanism is affected by temperature by causing a shift in the natural frequencies.  
Uncertainties in the length of the vibrating segments and the changes in length with 
temperature exposure leads to broadening of the range of natural frequencies.  The 
natural frequencies may shift and broaden with exposure to temperature which will shift 
the targeted frequencies of this mechanism, but not the overall magnitude of the response 




Chapter 6: Summary and Conclusions 
 
 Traditional material science techniques and understanding looks to develop and 
improve materials by controlling the processing and the resulting microstructure in order 
to obtain the desired properties.  A new field is emerging, which looks to control the 
microscale architecture of materials in a manner analogous to controlling the architecture 
of civil engineering structures in order to develop materials with substantial 
improvements in properties.  In this study, 3D weaving of metallic wires was used in 
combination with topology optimization in order to design and manufacture materials 
with well-defined microscale architecture.  Selective bonding techniques (primarily 
brazing) were used to join tangentially contacting wires in order to turn the 3D woven 
materials into microlattice materials.  The stiffness and permeability of these materials 
were characterized experiment and used to confirm the topology optimization 
predictions.  Driven by potential applications, samples were made to explore the 
convective thermal transport and the high temperature damping properties of woven 
metallic lattices.  The key research findings of this work in the areas where my research 
efforts were focused are described in the following section.  Additionally, potential future 






6.1 Key Findings 
 
 This collaborative effort has shown that microlattice materials can be designed 
through the use of topology optimization that includes the constraints defined by the 
manufacturing process.  Furthermore, metallic lattice materials with prescribed internal 
architecture were successfully manufactured through a combination of 3D weaving of 
metallic wires and selective bonding techniques.  These metallic lattice materials possess 
high specific stiffness and permeability, and these properties were decoupled and 
permeability varied by more than an order of magnitude.  My research in this work were 
primarily in the following areas: 1) the development of a brazing process in which these 
materials could be selectively bonded in order to improve their rigidity, while 
maintaining their permeability; 2) the characterization of the damping properties and 
developing an understanding of the changes that occur as a result of the exposure to 
elevated temperatures; 3) and the design and manufacturing of microlattice materials for 
use in heat transfer applications and their combination with headers that greatly improved 
their thermal performance and decreased lateral thermal gradients. 
 
6.1.1: Key Finding Related to Brazing Include: 
 
 The brazing process described in this thesis can be used to selectively bond the 
tangential junctions between wires in weaves that dramatically increases the 
stiffness of the material without negatively affecting the permeability.  This 
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brazing process effectively turns the 3D woven materials into microarchitectured 
lattices. 
 A modified version of the selective brazing technique can be used to successfully 
bond multiple layers of 3D woven material together in order to increase the 
maximum size of the lattices beyond what can be currently woven on the 
available loom. 
 Weaving of 3D weaves containing a fraction of fugitive wires that have the same 
composition as the braze and can be melted and used to selectively bond the 
materials together while also simultaneously increasing the permeability and 
decreasing the density of the material beyond the limits of what is able to be 
directly woven. 
 
6.1.2: Key Findings Related to Damping Include: 
 
 The measured damping properties of the as-woven 3D weaves of both Cu and 
NiCr exhibit loss factors at room temperature that are comparable to many 
common polymers and elastomers, and orders of magnitude greater than bulk 
metals. 
 Model predictions indicate that there are two main mechanisms that contribute to 
damping in these materials and the measurements and modeling in this work 
helped to confirm their presence and contribution.  The first mechanism is 
frictional wire on wire sliding, and the second is inertial damping caused by the 
out of phase motions of individual wires during forced vibrations. 
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 Modeling was found to underestimate the as-woven damping of the weaves since 
it doesn’t include stochastic gap spacings and twists that increase the number of 
wire to wire contact points in the weave.  Additionally, the model doesn’t account 
for residual stress in the weaves that increases the contact forces between the 
wires and the frictional damping.   
 The damping capacity was measured to decrease with exposure to elevated 
temperatures.  This is attributed to 1) the increase in the average wire spacing in 
the warp direction after temperature exposure; and 2) relaxation in the curvature 
in the z-wires along the warp/fill plane in the z-direction.  These changes serve to 
decrease the number of contact points in the weave and lower the contact forces 
between wires, which lead to a decrease in the number and normal force of 
frictional contact points. 
 Nevertheless, the measurements of these metallic weaves at 300°C and after 
exposure to their maximum services temperatures (1200°C for NiCr) indicate that 
these materials are still excellent dampers with service temperatures that are far 
superior to traditional polymers and elastomers that possess similar damping 
abilities. 
 
6.1.3: Key Findings Related to Heat Transfer Include: 
 
 The convective heat transfer properties of the Cu lattice materials that I 
manufactured for this project were shown to be superior to many common 
competing structures and materials, such as micro fins and metallic foams.  
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Moreover, the combination of the 3D woven microarchitecture lattice materials 
with header structures improves not only the heat transfer coefficient, but also the 
local temperature gradients on the material. 
 
6.2 Potential Future Research Directions 
 
As with any scientific work, discovery opens the door to more avenues and 
expanded opportunities to dig deeper and to uncover new understanding and knowledge.  
The work in this thesis has served to provide a greater understanding of the design, 
fabrication, and characterization of 3D woven metallic microlattice materials.  
Improvements in the brazing, damping and heat transfer of these materials are possible 
with further research.  This section describes a few possible suggestions for work that 
might serve to further extend the capabilities of microarchitectured metallic lattices. 
 
6.2.1: Possible Advances in the Area of Brazing 
 
 A preliminary study of the brazing of NiCr weaves was addressed in this thesis 
Section 3.2.5, however the further development and optimization of a brazing 
methodology for the 3D woven NiCr weaves could be useful in regards to alloy 
selection, processing temperature, and amount of added braze. 
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 This work has shown that including fugitive wires in weaves allows for the design 
and manufacturing of architectures that have higher permeability and lower 
density than can be woven with only one wire type.  This technique removes the 
restrictions of the necessary wire positions that are inherent in the weaving 
process.  This increased design flexibility has not been topologically optimized 
and improved strategies for holding the wires in place during brazing are still 
needed.  The development of this area could lead to novel lattice structures with 
unique properties. 
 
6.2.2: Possible Advances in the Area of Damping  
 
 The topology of these materials was optimized for the shear stiffness and the 
permeability.  The loss factors that I measured for both standard and “optimized” 
architectures can be considered a very successful proof of concept, but the 
internal architecture of these 3D weaves were never really optimized for damping.  
Future work in these materials could use the understanding that was developed in 
this work in order to topological optimize and manufacture materials that would 






6.2.3: Possible Advances in the Area of Heat Transfer 
 
 The metallic lattices manufactured in this dissertation showed that the convective 
heat transfer coefficient and the temperature uniformity of these materials are 
both very high and can be further augmented by combining these lattices with 
specially designed and manufactured headers.  Although four geometries of 
headers were manufactured, in both ABS plastic and copper, and modeled with 
computational fluid dynamics, the geometry of the headers was not rigorously 
optimized (thickness, inlet and outlet sizes, inlet and outlet design, materials, 
etc.).  Future work in this area should include the optimization of header 
geometries and the design of lattices to obtain the highest heat transfer coefficient 
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